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This  rsport  contains  the  results  of  s  three-yesr  effort  to  Investigate  the  use  of 
Asymmetric  Coupled  "Xian turn  Well  In  optical  waveguide  cross  bar  switches.  The  two  types 
of  devtces  investigated  are  the  standard  delta  beta  switch  snd  the  delta  alpha  switch. 
The  delta  alpha  switch  uses  the  imaginary  part  of  the  refractive  index  to  modulate  the 
intensity  along  different  waveguide  paths  In  the  switch  structure.  Both  types  of 
swtcch  were  fabricated  and  tested.  The  delta  beta  switches  produced  are  suitable  as 
t -  input  2-output  devices.  The  delta  alpha  switches  were  demonstrat ed  as  2  by  2  cross 
bar  switches  with  up  to  401  throughput.  To  compensate  for  losses  In  the  switches  the 
use  of  amplifying  elements  was  Investigated.  To  provide  gsln  at  a  longer  wavelength 
than  chat  of  the  excitons  In  the  modulation  waveguides,  the  quantum  wells  In  the 
modulation  waveguides  were  blue  shifted  using  vacancy  induced  disordering  (VID) .  The 
’/to  shifted  quantum  wells  shoved  less  Stark  shift  than  the  unshifted  quantum  wells. 

This  effect  Is  explained  by  the  nearly  parabolic  shape  of  the  disordered  wells. 

Coupled  quantum  wells  can  be  used  to  create  a  structure  that  will  maintain  a  strongly 
Stark  shifted  spatially  indirect  transition  even  after  VID.  Modeling  of  the  various 
vaveguid  structures  used  is  also  discussed. 
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optical  waveguides,  optical  switches,  optical  amplifiers 
quantum  wells,  CaAs.  Alf-aAs,  vacancv- Induced  disordering 
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1.  Introduction 


This  report  describes  the  results  of  a  three-year  study  to  explore  the 
application  of  Asymmetric  Coupled  Quantum  Well  (ACQW)  to  waveguide 
switches.  The  ACQW  structure  and  its  electrooptic  properties  were  developed 
and  studied  in  an  earlier  program.1  The  program  described  here  applied  the 
resulting  ACQW  technology  to  two  types  of  waveguide  switch  designs. 

1.1.  Proposed  Program 

The  two  types  of  switches  studied  in  this  program  are  shown 
schematically  in  Fig.  1  below.  The  first  type  of  switch  (Fig.  la)  is  a  AfJ  switch.  In 
this  design,  light  enters  one  of  the  waveguide  inputs  (arrow)  and  is  directed  to 
one  of  a  pair  of  parallel  waveguides.  The  parallel  waveguides  are  designed  to 
evanescent iy  couple  such  that  light  entering  one  of  the  guides  will  cross  over  to 
the  other.  In  Fig.  la.  the  light  entering  at  the  arrow  on  the  left  will  emerge  from 
the  lower  right  output.  To  accomplish  switching,  a  voltage  is  applied  to  Vsw. 

This  causes  a  refractive  index  change  in  the  electro-optic  material  comprising 
the  waveguide  so  that  the  coupling  between  the  two  parallel  guides  is  spoiled. 
The  result  is  that  the  light  no  longer  crosses  over  from  one  parallel  guide  to  the 
other.  With  a  bias  applied  to  Vw,  light  entering  at  the  arrow  (Fig.  1  a)  will 
emerge  from  the  upper  output  on  the  right  side  of  the  switch  Because  this 
switch  uses  the  change  in  refractive  index  to  change  the  propagation  constant 
0)  of  the  waveguide  it  is  generally  referred  to  as  a  A0  switch. 

The  second  type  of  switch  is  shown  in  Fig.  lb.  In  this  design,  light 
entering  one  of  the  switch  inputs  is  split  equally  into  two  paths  so  that  it  will 
emerge  from  both  outputs  of  the  switch.  In  this  switch,  application  of  a  bias  to 
vbar  Across)  causes  the  two  bar  (cross)  paths  to  become  opaque,  so  that  light 
entering  at  the  indicated  input  would  then  emerge  only  from  the  lower  (upper) 
right  output.  Because  of  the  loss  inherent  in  the  design  of  this  switch  (one  half 
of  the  intensity  is  lost  at  each  pass  through  a  V-splitter  or  combiner),  gam 
sections  must  be  added.  Because  this  switch  uses  the  change  m  the  absorption 
coefficient  (a)  to  accomplish  switching,  we  refer  to  it  as  a  Aa  switch. 

Both  types  are  two  input  two  output  (2x2)  cross-bar  switches.  This  type  of 
switch  can  be  used  as  an  element  m  a  large  switching  network.  As  shown  m  Fig. 
1c.  six  switches  (represented  as  rectangles  in  the  figure)  can  be  configured  to 
form  a  4x4  switch  network. 
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a)  Afi  Swttcft 


b)  Aa  Switch 


sssn  ammeter* 


c)  4x4  Switch  Network 


Figure  1.  Schematic  representation  of  the  A0  and  Aa  2x2  cross-bar  switches 
aa  wed  as  a  4x4  switching  network  composed  of  six  2x2  cross-bar  switches 


1 JL  Summary  of  Results 

Both  Aa  and  A0  swtehes  were  fabnealed  and  tested  n  this  program  Two 
designs  of  the  A0  switches,  which  included  3mm  and  500pm  cross-over  lengths, 
were  fabricated  and  tested  with  the  ratals  presented  n  section  6  The  zero  bias 
results  of  these  switches  were  excefent.  demonstrahng  that  the  models  used 
accurately  predicted  the  coupling  between  the  waveguides,  and  that  the 
fabrication  techniques  accurately  produced  the  required  waveguide  dimensions 
Under  bias  the  predict'd  switching  was  observed,  but  electro-absorption  m  tie 
waveguides  made  the  swtehes  asymmetric  (i.e..  sght  entering  the  bias  guide 
behaved  differently  from  tight  entering  the  unbiased  guide)  Because  of  this 
asymmetry,  these  switches  could  be  used  as  one  input  two  output  switches,  but 
not  as  2x2  cross-bar  switches. 

The  results  of  the  do  switch  development  are  presented  m  section  7 
This  work  successful  demonstrated  all  the  properties  required  for  the  Aa 
switch.  First,  the  various  waveguide  structures  (e  g..  Y-spitters.  arcs  and 
turning  mirrors)  were  modeled,  fabricated  and  suocessfuty  tested.  A  complete 


switch  structure  without  gain  was  fabricated  and  successfully  tested.  F  malty, 
switches  fabricated  with  vacancy  induced  disordering  (VID)  regions  were 
fabricated  to  allow  gain  to  be  incorporated  into  the  structures.  These  switches, 
white  demonstrating  gam,  did  not  achieve  high  enough  opacity  n  the  reversed 
biased  absorption  waveguides  to  swcch  efficiently  This  problem  can  be 
corrected  by  careful  design  of  the  ACQW  structure  so  that  it  maintains  the 
proper  coupling  after  disordering. 

1.X  Organization  at  this  Report 

Sections  2  to  5  of  this  report  summarize  general  methods  anc  techniques 
developed  to  design  and  fabricate  the  two  types  of  swtches  studied  n  mis 
program.  Section  2  describes  the  optical  waveguide  structures,  when  consist  of 
strip  loaded  waveguides  formed  over  an  epsauafy  grown  GaAs/Ai*Gai .xAs 
planar  waveguide  structure.  The  modeang  of  these  waveguides  *  described  n 
section  3.  The  electrooptic  properties  of  me  waveguides  are  produced  by  the 
quantum  waits  m  the  guiding  layer  of  me  planar  waveguides  The  optical 
properties  of  these  quantum  well  structures  a/s  described  n  section  4  Section 
5  describes  the  techniques  used  to  fabricate  me  wavagude  structures  mat  form 
the  twitches.  Because  the  structures  and  techniques  were  mproved  over  me 
period  of  the  program,  the  speahe  process  used  on  an  ndvomi  structure  may 
have  been  different  from  that  described  n  sections  2  to  5  m  general,  me 
•pacifies  tor  a  particular  structure  a/e  described  n  me  section  oeafang  wrm  mat 
structure. 

Sections  6  and  7  describe  me  desgn.  fabrication  and  test  resuts  for  me 
A0  and  da  switches,  respectively  Section  7  also  nefudes  drscusvons  of  each 
of  the  components  of  me  da  twitch,  when  rouds  v-spsners.  cross-overs, 
turning  mirrors  and  arcs  Vacancy  induced  dttordemg  tor  me  purpose  of  blue 
shifting  the  quantum  we*  exertons  e  also  oacussed  n  section  7 

Conclusions  drawnfrom  this  wor*  as  we«  as  recommendations  Hx  future 
won*  are  presented  m  section  8 


The  general  form  of  the  waveguide  structure  used  throughout  ttvs 
program  is  shown  m  Fig.  2  The  underfyeig  thenar  wevegude*  are 
GaAa/AJGaAa  structures  grown  tots/efy  on  GoAs  substrates  usng  molecular 
beam  epitaxy  (M8€).  After  growm.  reactive  on  etchm-g  (RiEj  a  used  to  create 
raised  ridges  on  the  surface  of  me  ptonar  wevegude*  tormng  si  ro- loaded 
waveguides  These  structures  provide  both  vertical  and  lateral  confinement  o< 
the  optical  radiation 
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Flow#  2.  The  beam  waveguide  structure  used  m  bom  the  &&  and 
Aa  switches  The  underlying  wucture  «  a  pun#/  wevegurte 
grown  by  molecular  beam  eptaxy  The  nb  formed  by  reactive  on 
etching  provide*  lateral  confinement  of  me  optical  mode 


4e*  •  P^WBewBe 

The  bes*c  MCME -grown  planar  wevegutie  used  n  trus  program  <f  shown  n 
Fig  3.  The  structure  •  •  tingle  mode  planer  w*v*gu«a*  crested  by  test  growng 
a  tenee  of  layers  totaling  approximately  f  Sum  mcfcnets  to  <orm  the  tower 
cladding  The  «  followed  by  a  gmdng  layer  0  2um  to  0  3pm  trues  wen  a 
refractive  mdex  2 .4%  higher  than  the*  of  me  daddng  F«na%.  add(>c x>ai 
cladding  wet  grown  to  form  the  compile  plane/  waveguide  structure  The 
quantum  welts  m  the  core  of  the  planer  wevegusae  provide  the  etectroopoc 
cheracteneaca  of  the  davtce  aa  deecnhed  n  section  4  Thedopmgofme 
device,  rvdoped  substrate.  noma*  planer  warveguoe.  and  p-doped  cap.  forms  a 
p-*-n  diode  For  modulation,  >t  .  traneformmg  a  wevegude  from  tfansperer;  *o 
opaque,  a  negative  tsea  *  appaed  to  ew  p-doped  cap  The  resutmg  ewesne 
field  acrosa  the  quantum  wefts  produces  a  Star*  sftft  m  me  quantum  wen 
adsorption  (mo  see  4)  causing  the  adsorption  wavelength  to  red  sft*<  to  the 
Summation  wavelength  and  absorb  the  owing  nto  me  waveguide  Rx 
gem.  the  weveguidea  are  forward  esesed 

The  momsic  deddmg  e  formed  by  •  supedettice  (SU  The  SL  deddng 
has  an  effective  mdex  of  refraction  2  4%  less  then  the  MOW  core  of  me 
waveguide  As  well  as  forming  pert  of  the  waveguide,  me  SL  provides  a  means 
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for  chocking  the  layer  thicknesses  after  growth  via  x-ray  diffraction  as  described 
in  section  6.3.  To  provide  complete  characterization  of  the  layer  thicknesses 
and  compositions,  a  photoluminescence  (PL)  spectrum  of  the  top  AI^Ga-i^As 
cladding  (below  the  cap)  is  taken.  As  described  in  section  6.4,  the  PL 
measurement  allows  determination  of  the  Al^a^As  composition.  This 
information  along  with  the  SL  period  allows  complete  determination  of  the 
composition  and  layer  thicknesses  throughout  the  structure. 


Cap  p*  2*10’*  500AGaAs 

p*  2*1  O'*  2500A  Al  jGa  7As 

■immaic  o 

dscttng 

MOW  layer 
(waveguide  core) 

"  tOCA  AljGSrAs  ** 
icoAgsAs 

25A  Ai,Ga,As 
_  SOAGsAs _ 

»X  to 

irtrrwc  gL  « 

dadong 

MsMBM 

Oopsd  n’2-10* 
cisdomg 

f  86A  AjjGa^As  1 

L  i5AGsAs  J 

x  no  | 

_ ! 

111  1  — - 1 

Buffer  n*  2*10'4  5000A  Gsas 

n*  GaAs  substrate 

Figure  3.  Typical  epitaxially  grown  planar  waveguide  structure 
2.2.  Etched  Waveguides 

The  planar  waveguide  structures  grown  by  M8E  provide  only  vertical 
confinement  of  the  optical  energy  To  provxte  lateral  confinement,  further 
processing  of  the  MBE- grown  wafer  a  necessary  to  form  stop-loaded 
waveguides  (SLWG)  on  the  surface  of  the  wafer  as  shown  m  Rg.  2.  in  ail  the 
waveguides  used  m  this  program,  me  waveguide  rx)ges  were  formed  usmg  RiE. 
though  two  different  methods  were  used  to  accomplish  mis  as  described  in  sec. 

5  The  SLWG  provides  lateral  ocnfxiemeot  because  the  area  under  the  ndge 
has  higher  effective  index  thro  me  surroundmg  area,  leading  to  confinement  of 
tne  optical  mode  to  a  region  near  me  SLWG  The  near-fieW  intensity  distribution 
from  one  of  mesa  waveguides  (2ym  wide  and  i  mm  long)  cs  shown  m  F.g.  4. 
demonstrating  me  we*  defined  sngie  mode  pattern  of  these  guides  The 


8 


fabrication  of  these  waveguides  is  described  in  section  5  and  the  modeling  of 
♦hem  is  described  in  section  3. 


O  10  20  30  40 


y(M-m) 

Figure  4.  Near-field  intensity  distribution  at  the  output  of 
strip-loaded  waveguide.  T  „  waveguide  is  2pm  wide  by  1mm 
long. 


2.3.  Optical  Measurement  of  Waveguides 

Optical  measurements  of  the  waveguide  structures  were  made  by 
cleaving  the  waveguides  and  coupling  into  and  out  of  the  resulting  facets  using 
20X,  0.4NA  microscope  objectives.  The  radiation  source  used  was  a  Coherent 
599  dye  laser  pumped  by  an  argon  ion  laser  running  on  all  green  lines. 
Depending  on  the  measurement,  output  was  monitored  using  single  element  Si 
photo  diodes  and/or  a  Pulnix  Tm-540  CCD  camera  (with  the  AGC  disabled). 
Output  from  the  CCD  camera  was  captured  using  a  Colorado  Video  Inc.  Video 
Frame  Store  274D.  The  stored  images  could  be  transferred  to  a  host  computer 
for  storage  and  further  analysis. 

X  Waveguide  Modeling 

The  switch  structures  made  in  this  program  included  evanescent ly 
coupled  waveguides  as  well  as  various  waveguide  components  such  as :  curves, 
Y-splittera,  and  turning  miners.  To  property  design  these  structures  it  is 
necessary  to  be  able  to  predict  their  performance  mathematically.  To  do  this  we 
have  used  two  general  types  of  models.  The  first  is  based  on  a  transfer  matrix 
calculation  that  solves  for  optical  modes  in  multi-layered  structures.  This  model 
was  used  to  calculate  the  modes  of  the  planar  waveguide  structure  and  the 
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effective  index  of  these  structures  as  a  function  of  upper  cladding  layer 
thickness.  This  model  was  also  used  to  calculate  modes  of  single  straight 
SLWGs  as  well  as  coupling  between  pairs  of  straight  SLWGs  The  second 
model  used  is  a  2  dimensional  (20)  beam  propagator.  This  model  allows 
calculation  of  a  mode  propagating  down  a  complex  waveguide  structure  that  may 
include  curves,  Y-splitters,  curves,  gaps,  etc.  Both  models  allow  calculations 
that  include  complex  refractive  index  values  so  that  gain  and  loss  can  be 
modeled. 

3.1.  Ptanar  Waveguide  Modeling 

As  described  in  section  2.  the  underlying  structure  of  ail  the  waveguide 
devices  presented  in  this  report  is  a  multi-layered  planar  structure  grown  using 
MBE.  These  structures  can  have  hundreds  of  layers,  which  include  the 
superiattice  cladding,  and  the  quantum  well  layers.  To  design  the  MBE  growth, 
it  is  necessary  to  be  able  to  calculate  the  modes  of  such  a  structure.  To  do  this 
we  use  a  transfer  matrix  technique  that  can  calculate  the  optical  electrical  field 
distribution  in  all  the  layers  of  the  structure  as  well  as  the  complex  propagation 
constant  0.  In  our  analysis,  the  geometry  of  the  waveguide  is  set  up  as  shown  m 
Fig.  5.  The  y-component  of  the  field  is  written  in  the  exponential  form  of  eq. 
E3.1-1. 


waveguide  calculation. 
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£,  *A>  (x-x^)  (E3.1-1) 


The  boundary  conditions  require  that  at  each  interface  between  the  layers  of  the 
waveguide  the  transverse  components  of  the  E  and  H  fields  be  continuous.  This 
leads  to  the  relation  given  in  £3.1-2  between  the  field  coefficients  in  consecutive 
layers. 


(E3.1-2) 


In  these  expressions,  afl  quantities  (except  j  and  x)  are  complex.  In  a  lossless 
guide  the  field  coefficients  (Aq  in  the  substrate  and  B^.  i  in  the  capping  layer) 
must  be  zero  so  that  the  field  wil  decay  exponentially  in  both  cladding  layers. 
To  determine  (J,  the  calculation. starts  in  the  substrate  with  AqsO  and  calculates 
the  coefficients  Aj  and  Bj  in  each  layer  14}  to  the  cap.  The  value  of  Bn_i 
produced  by  this  procedure  is  •  function  of  0  and  for  an  arbitrary  value  of  3  will 
not  be  equal  to  zero  as  required  by  the  boundary  conditions.  Values  of  (3 
corresponding  the  waveguide  modes  are  determined  by  applying  the  procedure 
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tor  different  values  of  0,  using  a  root  finding  routine  to  locate  the  complex  values 
of  0  that  satisfy  the  boundary  condition  Bn_i(0)»O. 


The  planar  guides  used  here  are  actually  leaky  waveguides  since  the 
refractive  index  of  the  GaAs  substrate  is  greater  than  or  equal  to  the  index  of  the 
waveguide  core.  For  leaky  modes,  the  field  in  toe  cladding  is  oscillatory, 
radiating  through  toe  cladding  and  substrate  instead  of  exponentially  decaying. 
The  boundary  condition  in  this  case  is  that  toe  coefficient  of  toe  inward 
propagating  wave  must  be  zero  (i.e..  toe  radiation  escapes  from  toe  core  so  that 
at  the  last  interface  only  an  outward  propagating  wave  is  possible).  Since  toe 
time  dependence  is  given  by  Fj<t)*F|  •  exp(*kat),  toe  two  terms  in  eq.  3.1*2  with 
coefficients  Af^i  and  Bf^i  in  toe  cap  correspond  to  outgoing  and  incoming 
waves,  respectively.  Similarly,  A q  and  Bo  correspond  to  incoming  and  outgoing 
waves  respectively,  in  toe  substrate.  The  boundary  conditions  for  a  leaky 
waveguide  are  then:  Aq*0  and  Bfsj-i  *0,  which  are  toe  same  as  for  a  lossless 
guide.  Hence  toe  same  procedure  for  determining  0  can  be  followed  for  a 
lossless  guide  or  a  guide  that  is  leaky  from  either  toe  cap  or,  the  substrate,  or 
both. 


The  program  that  performs  this  calculation  reads  toe  structure  from  an 
input  file  and  then  calculates  toe  complex  propagation  constant  for  each 
waveguide  mode  found  in  the  structure.  The  program  is  written  so  that  any  one 
of  a  number  of  parameters  can  be  repeatedly  incremented  with  the  waveguide 
modes  recalculated  at  each  increment  The  increment  parameters  include  toe 
wavelength,  the  refractive  index  of  selected  layers,  and  toe  thickness  of  selected 
layers.  This  is  used  to  vary  parameters  of  the  guide  to  optimize  layer  thickness. 
In  addition,  toe  structure  can  be  'etched*  from  toe  top  by  a  desired  increment. 
This  is  used  to  calculate  toe  effective  index  (modal  index)  of  toe  guide  as  a 
function  of  etch  depth.  This  is  important  for  designing  toe  planar  structure  to 
work  well  with  toe  etched  waveguide  structures. 


3.1.1.  Effective  index  Calculation 

In  this  program,  all  calculations  of  toe  laterally  confined  waveguide  modes 
of  toe  strip- loaded  waveguides  were  made  using  effective  index  calculations.  To 
calculate  toe  effective  index  of  our  planar  waveguide  structures,  we  calculate  toe 
propagation  constant  of  the  fundamental  mode  and  from  it  determine  toe  modal 
index  that  is  then  used  as  toe  effective  index  of  toe  guide.  As  material  is 
removed  from  toe  upper  cladding  of  toe  waveguide,  the  effective  index 
decreases.  Figure  6  shows  an  example  calculation  made  using  toe  planar 
waveguide  program  to  calculate  the  effective  index  as  a  function  of  the  amount 
of  material  etched  from  toe  top  of  toe  structure.  The  modal  index  is  affected  only 
weakly  from  about  0  to  0.4pm  etch  depth,  beyond  0.4pm  toe  modal  index 
changes  rapidly  with  etch  depth. 
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Figure  6.  Calculated  effective  refractive  index  of  a  planar 
waveguide  as  a  function  of  the  thickness  of  material  etched  from  the 
upper  cladding  layer. 


3i.  20  Deem  Propagator 


The  planar  waveguide  calculation  described  in  the  last  section  (3.1)  can 
be  used  to  calculate  the  modes  of  a  strip-loaded  waveguide  providing  that  the 
waveguide  structure  is  independent  of  z  (this  includes  multiple  coupled  guides 
that  are  parallel),  where  z  is  the  direction  of  propagation.  When  the  waveguide 
structure  is  more  complicated  and  includes  z-dependent  structures,  another 
analysis  method  must  be  used  We  chose  to  use  a  2D  beam  propagation 
calculation  using  methods  described  in  a  series  of  papers  by  Yevick  et  al. 2*5. 
This  method  is  based  on  the  original  technique  described  by  J.A.  Fleck.6  which 
starts  with  the  scalar  wave  equation.  Yevick's  method  uses  a  symmetrized  spit 
difference  operator  as  shown  in  Eq.  E3.2-1.  The  2D  beam  propagator  calculates 
the  electric  field  Ep  at  equally  spaced  points  0)  along  a  line  (n).  At  step  n+ 1 ,  the 
field  Ej^1  is  calculated  along  a  line  (n+1)  spaced  Az  from  the  last  line. 
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£**'=D.  V'^’Kn  .£> 


(E3.2-1) 


To  evaluate  this  expression,  define  8E  such  that  Eq.  E3.2-2  is  true. 

Z?.£  =  5£-£  (E3.2-2) 

Equation  E3.2-2  can  then  be  rewritten  as  shown  in  Eq.  E3.2-3. 

{1-A,}5£*2£  (E3.2-3) 

By  approximating  the  second  derivative  as  a  divided  difference, 

Eq.  E3£-1  becomes  the  matrix  equation  shown  in  Eq.  E3.2-4. 


r. 

b  1-2 b  b 

b  1-2 b  b 

b  1-2 b  b 


\ 

r2  E.y 

2£, 

• 

se. 

M 

2E, 

y 

(E3.2-4) 


where: 


i-Az 


8  *  «#  (Ao) 


The  matrix  in  Eq.  E3.2-5  is  tri-diagonal  which  can  be  solved  using  standard 
techniques.7  Once  8 E  is  determined,  Eq.  E3.2-2  is  used  to  find  DaE. 

Once  the  procedure  for  evaluating  AqE  is  established,  the  electric  field 
distribution  at  step  rw-1  can  be  determined  from  the  field  at  step  n  using  equation 
E3.2-1. 


The  procedure  for  the  beam  propagator  is: 

1 .  Start  with  a  solution  at  Zp  (usually  a  Gaussian  intensity  distribution) 

2.  Operate  with  Dy  (solve  tri-diagonal  matrix  equation) 

3.  Multiply  by  the  index  phase  term  (only  where  n*  no) 
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where  the  index  phase  term  is  given  by  E3.2-5 


e 


(E3.2-5) 


and  the  angle  brackets  o  denote  the  average  from  Zn  to  Zn+i . 


4.  Operate  with  Ax  to  get  En+i 

5.  Increment  n  and  return  to  step  1. 


At  each  step,  the  calculation  only  uses  the  index  profile  along  the  lines  Zn  and 
Zf)+i  •  Since  we  are  using  a  20  version  of  the  beam  propagation  method,  the 
refractive  index  of  the  guides  is  approximated  using  the  effective  index  method. 


&3.  Comparison  of  the  Waveguide  Models:  Coupled  Waveguide 

Calculations 

As  described  above,  two  types  of  numerical  models  were  used  in  this 
program,  a  planar  waveguide  transfer  matrix  calculation  and  a  2D  beam 
propagator.  To  check  the  two  models  for  consistency,  we  performed 
calculations  on  evanescently  coupled  waveguide  structures  using  both 
technlquea(the  theory  and  calculations  for  coupled  waveguides  is  described  in 
detail  in  sac.  6.1).  Though  both  of  these  models  can  be  used  to  calculate  the 
effects  of  evanescent  coupling  between  two  waveguides,  me  20  beam 
propagator  calculation  is  cumbersome  for  this  type  of  calculation.  The  planar 
waveguide  model  that  was  originally  written  to  design  the  MBE  grown  planar 
waveguides  is  actually  better  suited  for  this  calculation  (as  described  in  sec. 
6J2.1).  The  example  calculations  shown  below  demonstrate  the  consistency  of 
the  two  models  (at  least  for  specific  examples).  Later  comparisons  between 
calculation  and  theory  in  sections  6.3  and  6.4  show  that  they  match  the 
measured  results  as  well. 


3.3.1.  Comparison  of  the  Planar  Waveguide  Calculation  and  the  Two 

Dimensional  Beam  Propagator  Calculation 

The  two  waveguide  calculation  techniques  would  normally  be  used  in 
different  situations  so  that  no  direct  comparison  between  the  two  method  would 
be  possible.  In  the  case  of  evanescently  coupled  waveguides  however  both 
methods  can  be  used  to  calculate  the  coupling  between  the  waveguides.  This 
allows  direct  comparison  between  the  two  methods. 

Figure  7  shows  an  example  of  the  simplest  form  of  evanescently  coupled 
waveguide.  This  structure  consists  of  two  symmetric  coupled  waveguides 
running  in  parallel.  This  type  of  structure  will  always  transfer  all  the  radiation 
from  one  waveguide  into  the  parallel  waveguide  after  some  length  Lx.  Also 
shown  in  the  figure  are  the  electric  field  distributions  of  the  first  two  modes  of  the 
coupled  waveguides.  As  described  in  section  3.1,  the  planar  waveguide 


Figure  7.  Cross-sectional  view  of  symmetric  coupled  waveguides  (top)  and  the 
electric  field  distributions  of  the  first  two  optical  modes. 


calculation  can  be  used  to  calculate  these  modes.  This  is  accomplished  under 
the  effective  index  approximation  by  treating  the  cladding  regions,  waveguides, 
and  the  gap  between  waveguides  as  five  layers  with  each  layer  having  the 
effective  index  determined  by  the  thickness  of  the  upper  cladding  layer  of  its 
corresponding  region.  Once  the  first  two  waveguide  modes  have  been 
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determined  using  the  planar  waveguide  calculation  the  coupling  length  Lx  can 
be  determined  from  the  difference  in  propagation  constant  between  the  two 
modes.  For  a  pair  of  waveguides  with  widths*2.5pm,  separations  1 ,75|im, 
cladding  index-3.4  and  waveguide  index-3.4017  the  planar  waveguide 
calculation  predicts  a  coupling  length  of  Lx-1  .Omm. 

The  same  coupling  calculation  can  be  made  with  the  beam  propagator  by 
starting  a  mode  in  one  guide  and  allowing  it  to  propagate  until  all  the  intensity  is 
in  the  adjacent  guide.  This  calculation  is  shown  in  figure  8  for  the  same 
conditions  given  above. 


Figure  8.  Output  from  the  2D  beam  propagator  program  for  a  pair  of 
symmetric  parallel  waveguides  with:  wjdths-2.5mm,  sepa rations  1 .75mm, 
cladding  index-  3.4,  waveguide  index  3.4017.  The  coupling  between  the 
guides  begxis  at  z=0  and  the  intensity  in  the  left  guide  reaches  a  minimum 
atz-l.lmm. 
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The  agreement  between  the  two  calculations  is  good,  though  the  beam 
propagator  predicts  a  10%  longer  coupling  length.  The  beam  propagator 
calculation  is  sensitive  to  the  initial  shape  of  the  mode,  which  can  change  the 
result.  In  this  case,  the  initial  Gaussian  distribution  at  z=  -  100pm  was  allowed  to 
propagate  for  100pm  before  reaching  the  beginning  of  the  right  guide  at  z=0. 

This  allows  the  mode  to  adjust  to  the  guide  before  coupling  affects  the  mode. 
Edge  effects  can  also  affect  the  results  of  the  beam  propagator  calculation.  In 
this  case  the  calculation  was  made  over  a  region  25pm  wide  so  that  the  mode 
intensity  was  always  zero  at  the  edges. 

4.  Optical  Properties  Quantum-Walla 

The  electrooptic  properties  of  the  switches  made  in  this  program  arise 
from  the  quantum  wells  in  the  cores  of  the  planar  waveguides  used  to  fabricate 
the  switches.  In  this  program,  waveguides  containing  both  coupled  and 
uncoupled  quantum  wells  were  fabricated. 

4.1.  Uncoupled  Quantum  Wells 

The  material  used  in  all  the  switches  made  in  this  program  is  composed  of 
GaAs  and  AlxGa-|.xAs  grown  using  molecular  beam  epitaxy.  By  growing  thin 
layers  of  GaAs  surrounded  by  AlxGa^As  quantum  wells  are  formed  that  exhibit 
the  now  well  known  quantum  confined  Stark  effect  (QCSE).  This  can  be  used  to 
create  an  optical  absorption  in  the  core  of  a  waveguide  that  shifts  to  longer 
wavelength  (red  shifts)  when  a  field  is  applied  across  the  quantum  well 
containing  layer.8 

4.2.  Coupled  Quantum  Wells 

In  an  earlier  program,  a  new  quantum  well  structure  was  developed  at 
Martin  Marietta  Laboratories.  This  structure  consists  of  two  quantum  wells  of 
different  width  separated  by  a  thin  barrier.  We  call  this  structure  an  asymmetric 
coupled  quantum  well  (ACQW).  If  the  barrier  between  the  wells  is  sufficiently 
narrow,  the  wavefunctions  will  have  significant  probability  in  both  wells  so  that 
transitions  between  the  levels  :n  the  two  wells  are  possible.  Figure  9  is  a  band 
diagram  of  the  ACQW  structure  shown  at  three  field  values.  For  clarity,  only  the 
lowest  energy  hole  state  (the  heavy  hole  of  the  wide  well),  and  the  two  lowest 
energy  conduction  band  states  are  shown  in  the  diagram.  For  an  optical 
modulator,  the  lowest  energy  transition  is  the  most  important  since  it  determines 
the  absorption  edge  of  the  long-pass  filter  formed  by  the  quantum  wells.  At  zero 
field  (Ftg.  9a)  the  lowest  energy  transition  corresponds  to  the  spatially  direct 
transition  within  the  wide  well.  The  next  highest  transition  at  zero  field  is  the 
spatially  indirect  transition  from  the  wide  well  to  the  narrow  well.  As  a  field  is 
applied,  the  conduction  band  levels  approach  each  other.  When  these  two 
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levels  reach  their  minimum  separation,  the  system  is  in  resonance  as  shown  in 
Fig.  9b.  At  resonance  there  is  no  distinction  between  the  narrow  and  wide  well 
conduction  band  states,  and  the  two  transitions  have  the  same  strength.  At 
higher  fields  (Fig.  9c),  the  wavefunctions  again  become  localized  in  individual 
wells.  The  lowest  energy  transition  is  now  the  indirect  transition  from  the  wide 
well  to  the  narrow  well.  Because  of  the  spacing  between  the  wells,  this  transition 
energy  drops  rapidly  as  the  field  is  increased.  Although  the  strength  of  the 
transition  also  drops  with  applied  field,  it  is  strong  enough  to  cause  nearly 
complete  extinction  in  a  waveguide  even  at  high  fields.  The  inset  in  Fig.  9 
shows  a  plot  of  the  transition  energies  vs.  field  for  the  structure.  Also  shown  are 
the  transition  energy  of  a  single  well  and  a  horizontal  line  representing  the 
energy  of  optical  radiation  passing  through  the  waveguide.  At  zero  field  (a), 
both  transitions  are  above  hv  so  there  is  no  absorption.  Beyond  resonance  (b), 
the  energy  of  the  indirect  transition  drops  rapidly  below  hv  resulting  in 
absorption  in  the  waveguide.  Beyond  resonance  (c)  the  direct  transition  (which 
corresponds  to  the  single  wide  well  transition)  also  eventually  drops  below  hv 
but  only  at  higher  field. 


Figure  9.  Effect  of  an  externally  applied  electric  field  on  the  ACQW 
structure. 
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Figure  10  shows  the  measured  bias  dependent  photocurrent  spectra  of  a 
p-Fn  diode  containing  an  ACQW.  At  SV,  the  weak  indirect  transition  (hre-|) 
becomes  visible  and  moves  rapidly  toward  longer  wavelength  as  the  bias  is 
increased.  The  weak  indirect  transition  in  a  waveguide  would  lead  to  nearly 
complete  extinction  of  the  optical  mode,  as  shown  in  Fig.  11. 

Figure  1 1  shows  measured  transmission  through  two  waveguides  (500pm 
long)  containing  a  single  quantum  well  (SOW)  structure  in  one  guide  and  an 
ACQW  in  the  other.  The  indirect  transition  in  the  ACQW  reduces  the 
transmission  of  the  guide  to  zero  at  about  1 1 V.  The  SQW  guide  does  not  reach 
zero  transmission  untH  about  15V.  Also  shown  in  Fig.  1 1  are  measurements  of 
the  phase  shifts  caused  by  biasing  the  two  guides.  Since  the  applied  bias 
causes  changes  to  the  absorption  spectrum  m  the  waveguide,  the  refractive 
index  must  also  change  according  to  the  Kramers  Kronig  relations.  The  indirect 
transition  in  the  ACQW  waveguide  causes  a  60%  increase  in  the  phase  shift 


Wavelength  (A) 

Figure  10.  Photocurrent  spectra  of  an  ACQW  structure  at  5  values  of  applied 
bias.  The  hi  ?1  peaks  are  caused  by  the  spatially  indirect  transition  from  the 
wide  well  to  the  narrow  well. 
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Figure  11.  Comparison  of  transmission  and  phase  shift  measurements  for  two 
waveguides  containing  ACQW  and  SOW  structures. 


before  it  pastes  through  the  laser  wavelength  and  the  two  phase  shift  curves 
converge  to  the  same  value. 


As  described  in  sections  2  and  3.  the  waveguides  are  formed  by  etching 
the  M8E*grown  planer  waveguide.  This  produces  an  effectively  higher  index 
under  the  unetched  regions  compered  to  the  etched  regions,  in  this  program, 
two  methods  were  used  to  fabricate  the  waveguides.  The  first,  which  we  win  call 
photoresist  masking  (PR  masking),  was  used  only  on  the  early  coupled 
waveguide  structures.  This  method  was  replaced  with  a  much  simpler  process 
that  produced  much  more  accurate  waveguide  dimensions  and  allowed  narrower 
guides  to  be  fabricated.  We  w»  refer  to  this  improved  process  as  the  metal 

masking  process. 


8.1.  Photoresist  Masking  Process 

In  this  process,  the  waveguides  are  first  defined  by  s  photoresist  pattern 
that  le  used  as  an  etch  mask  to  form  the  waveguides.  This  is  folowed  by  an  RIE 
to  etch  the  areas  not  masked  by  the  PR.  thus  producing  the  waveguide  ridges. 

In  the  structures  made  by  (his  method  the  etch  depth  was  0.8pm,  producing 
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waveguide  ridges  0.8pm  high.  (The  upper  cladding  thickness  was  i.Spm  m 
these  structures.)  Alter  etching,  a  metal  strip  was  applied  down  the  center  of  the 
waveguides  to  form  the  electrical  p-contact.  The  whole  structure  was  then 
covered  with  pofytmtde  and  openings  v.  -re  made  over  the  p-contact  strips. 
Finally,  another  layer  of  metal  was  added  to  form  leads  from  the  p-contacts  to 
the  bonding  pads  that  were  also  formed  by  this  trial  mete '  layer. 

This  process  has  several  critical  steps  that  made  it  difficult  to  accurately 
reproduce.  The  two  most  critical  steps  are  the  alignment  of  the  p-contacts  to  the 
waveguides  and  the  alignment  of  the  openings  in  the  pofymide  to  expose  the  p- 
contacts.  In  both  cases,  a  narrow  strip  (3pm  wide  in  the  case)  had  to  be  aligned 
to  the  narrow  (5pm  wide)  waveguide.  Although  this  can  be  accomplished  m 
structures  this  wide,  the  more  advanced  structures  require  narrower  waveguides, 
which  would  make  this  process  m  practical 

Waveguides  produced  by  this  process  were  used  for  the  3mm 
evanescent ty  coupled  waveguide  swsch  described  n  section  6  i 


Si.  Metal  Mask  Process 


Because  of  the  difficulties  n  the  PB-mask  process  and  because 
calculations  showed  that  shorter  switches  required  even  narrower  waveguides, 
we  developed  a  new  process  tor  the  waveguide  fabrication,  in  this  process  (the 
metal  mask  process),  the  waveguide  structure  a  first  defined  by  apptyng  a  metal 
pattern  to  the  surface  of  the  wafer.  This  metal  pattern  a  used  as  the  etch  mask 
to  form  the  waveguides  and  also  forms  the  p-contact  on  the  top  of  the 
waveguides.  As  in  the  previous  method,  a  reactive  on  etch  is  used  to  form  the 
waveguide  The  advantage  of  this  method  a  that  the  metal  contact  is  'self- 
aligned*  to  the  waveguide  so  that  no  critical  alignment  t$  required  to  apply  the 
contact.  In  order  for  separate  waveguides  to  be  electrically  isolated  from  one 
another,  the  planar  waveguide  is  grown  with  the  p-doped  cap  throw  than  the 
etch  used  to  define  the  waveguides,  in  that  way  the  top  conducing  layer  is 
completely  removed  outside  of  the  waveguides  ndges  so  that  the  areas  between 
the  waveguides  are  serm-nsuiatng.  The  resutng  waveguides  are  eiectncalfy 
isolated  from  each  other  Measurements  of  the  resistance  between  pairs  of 
waveguides.  500pm  long  and  separated  by  i  ipm.  were  greater  man  30MO. 
which  can  be  considered  compfetefy  isolated  for  the  structures  presented  here 

One  possible  disadvantage  to  this  structure  o  that  smee  the  metal  defines 
the  waveguide,  me  only  way  to  eiectncalfy  senate  sections  of  the  same 
waveguide  is  to  leave  gaps  in  the  metal  pattern,  which  also  leaves  gaps  n  me 
waveguide.  This  is  not  a  problem  as  tong  as  the  waveguides  are  weakly 
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guiding.  For  the  material  used  in  this  program,  the  effective  index  undi  -  the 
etched  waveguides  is  only  0.1%  greater  than  the  effective  index  in  the 
surrounding  etched  areas.  This  means  that  the  reflection  coefficient  at  an 
abrupt  end  of  a  waveguide  will  be  only  about  0.02%  which  is  negligible.  In 
addition  to  the  reflection  losses  there  is  also  some  diffraction  loss  to  the 
spreading  of  the  unguided  light  in  the  gap.  This  also  causes  only  a  small  loss  as 
calculated  using  the  beam  propagator  described  in  section  3.2. 

For  more  complex  structures,  electrical  connections  to  the  waveguide 
structures  can  require  electrical  conductors  that  cross  waveguides  without 
connecting  to  them.  This  can  also  be  easily  accommodated  with  this  structure. 
To  form  an  electrical  conductor  crossing  a  waveguide,  a  4-pm  gap  is  left  in  the 
waveguide  and  a  2-pm-wide  conducting  strip  crosses  through  the  gap 
perpendicular  to  the  waveguide.  The  metal  of  the  electrical  conductor  is  put 
down  at  the  same  time  as  the  p-contact  waveguide  metal.  This  means  that  the 
electrical  conductor  is  also  etched  with  the  waveguide  and  so  forms  a  ridge  in 
the  final  structure.  Even  though  the  electrical  conductor  is  structurally  the  same 
as  the  waveguides,  no  light  couples  into  it  because  it  is  normal  (or  nearly  sc)  to 
the  waveguides.  At  each  electrical  lead  crossing,  there  will  be  a  gap  in  the 
waveguide  and  the  ridge  formed  by  the  lead.  Because  the  effective  index 
change  under  the  lead  is  the  same  as  that  under  the  waveguide  (which  is  very 
small  as  described  above),  it  will  also  produce  only  a  small  reflection. 

To  measure  the  effect  of  both  waveguide  gaps  for  electrical  isolation  and 
gaps  with  crossing  electrical  conductors,  we  fabricated  waveguides  1  lOOpm  long 
with  4-pm-tong  gaps  spaced  every  100pm  along  the  waveguide.  In  one  set  of 
these,  the  gap  was  left  empty,  in  another  set  each  gap  had  a  2-pm-wide  ridge 
crossing  the  gap  perpendicular  to  the  waveguide.  Along  side  these  waveguides 
was  a  similar  waveguides  with  no  gaps  that  was  used  for  comparison.  The 
configuration  for  these  guides  is  shown  in  Fig.  12.  T*e  worst  case  measurement 
tor  the  transmission  through  the  two  test  guides  relative  to  the  reference  guide 
was  T»65%  *cr  both  test  guides.  This  corresponds  to  a  transmission  though  a 
single  gap  of  95.7%.  This  is  not  a  significant  loss  as  long  as  the  number  of  such 
gaps  is  kept  to  a  reasonable  level  for  any  given  waveguide. 
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Figure  12.  Waveguide  structures  used  to  determine  the  loss  caused  by 
gaps  in  the  waveguides  used  for  electrical  isolation. 
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The  first  type  of  switch  fabricated  and  tested  in  this  program  was  a  Ap 
switch  consisting  of  two  5-pm-wide  waveguides  separated  by  2.5pm.  In  this  type 
of  switch,  the  waveguides  are  designed  so  that  at  zero  bias  light  entering  one 
guide  (the  feed  guide)  will  be  completely  transferred  to  the  adjacent  guide  (the 
cross  guide)  in  the  length  of  the  switch.  This  transfer  requires  that  the  two 
waveguides  be  identical.  Switching  is  achieved  by  applying  a  bias  to  one  of  the 
waveguides.  This  changes  the  propagation  constant  (P)  of  the  guide  via  the 
QCSE  of  the  quantum  wells  in  the  guiding  layer.  This  increases  AP  between  the 
two  guides  so  that  the  transferred  intensity  couples  back  to  the  original  guide. 
The  increase  in  AP  between  the  two  guides  also  tends  to  uncouple  them  so  that 
less  light  is  transferred. 

6.1.  Theory  of  the  AP  Switch 

The  Ap  switch  can  be  analyzed  both  numerically  and  analytically,  though 
the  analytical  description  contains  parameters  that  can  only  be  determined  using 
the  full  numerical  analysis.  In  spite  of  this,  the  analytical  analysis  can  provide 
insights  to  the  effect  of  variations  in  the  structure.  For  this  reason,  we  will  first 
describe  the  analytical  analysis  of  the  switch  followed  by  an  analytical  tolerance 
analysis  of  the  switch.  The  analytical  analysis  will  be  followed  by  the 
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conceptually  simpler  numerical  analysis,  which  will  be  used  to  calculate 
parameters  for  fabrication  of  the  A0  switches. 

6.1.1.  Analytical  Analysis  of  the  A0  Switch 

A  simple  analysis  of  the  A0  switch  can  be  made  using  the  expressions 
given  by  Somekh  et  al.9  for  a  waveguide  directional  coupler.  The  expressions 
for  the  intensities  in  the  guides  are  given  in  Eq.  E6. 1 . 1  -1 .  In  practice.  The 
coupling  constant  K  is  determined  using  the  numerical  coupled  waveguide 
calculation. 

/5(2)=co^(5-z)+[(%*)2 /Sa]-sirf(Sz)  (E6.1.1-1) 


/>  (z)  =  £•  sin 2  (Sz) 


s=1/jr2+(«-/)2 

A0*.  *  me  change  in  the  propagation  constant 
in  the  biased  guide  due  to  the  applied  bias 


The  cross-over  length,  Lx,  is  defined  as  the  length  required  for  all  the  radiation 
to  cross  from  the  input  guide  to  the  cross  guide.  The  relation  between  Lx  and 
the  coupling  constant  is  given  in  Eq.  E6.1 .1-2. 


*  = 


(E6.1.1-2) 


To  switch  to  the  bar  state,  the  propagation  constant  of  one  of  the  guides  must  be 
changed  by  A0  according  to  the  conditions  given  in  Eq.  E6.1 .1-3. 

SssJ/2Lx  (E6.1.1-3) 


2 -Jl-K 
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Substituting  A0  into  the  intensity  expressions  (Eq.  6.1 .1-1 )  yields  the 
expressions  (Eq.  6.1. 1-4)  for  the  intensities  in  the  two  guides  of  a  lossless  A0 
switch. 


/>(z)=col(£-z)+isii?(£z) 


(E6.1.1-4) 


/?(z)=fsin2(-g-z) 

The  absorption  in  each  guide  can  be  estimated  by  weighting  the  electrically 
induced  absorption  coefficient  in  each  guide  (abjas)  by  the  intensity  in  that  guide 
and  integrating  along  the  length  of  the  guide  as  shown  in  Eq.  E6.1.1-5. 


a,  *  J/5(z)-aWfl/k  (E6.1.1-5) 


Integrating  the  expressions  in  Eq.  E6.1.1-4  yields  the  results  given  in  Eq.  E6.1.1- 

6. 


^'branch~~\  ^ bias  (E6.1.1-6) 

V'feed  ~  I  ‘  ^bias 

This  result  shows  that  the  absorption  coefficient  in  the  biased  guide  is  about 
seven  times  that  of  the  unbiased  guide.  This  has  an  important  effect  on  the 
switching  properties  of  the  AfJ  switches  as  demonstrated  below. 

6.2.  Tolerance  Analysis 

An  important  consideration  in  the  fabrication  of  the  switches  is  the  effects 
of  errors  in  the  switch  dimensions.  Ail  fabrication  in  this  program  was  done 
using  standard  contact  lithography  techniques.  We  found  the  most  important 
variation  in  tire  fabrication  was  in  the  width  of  the  waveguides.  During  the 
fabrication  process,  changes  in  the  exposure  of  the  pattern  using  the  ultraviolet 
lamp  in  the  aligner,  or  changes  in  the  development  time  can  change  the  width  of 
the  resulting  waveguides.  This  change  in  width  is  equal  for  all  the  waveguides 
on  a  wafer  so  the  resulting  switch  is  still  symmetric,  but  may  have  a  slightly 
different  crossover  length  than  desired.  Since  the  length  of  the  switch  is  fixed  by 
design,  this  can  lead  to  incomplete  cross-over  resulting  in  crosstalk. 


The  effects  of  these  width  variations  can  be  determined  by  calculating 
their  effects  on  the  coupling  length.  Using  Eq.  6.1. 1-1  the  cross-talk  can  be 
determine  and  is  given  In  Eq.  6.2-1. 

(E6.2-D 

where: 

R  intensity  out  of  the  feed  guide 
z  intensity  out  of  the  branch  guide 

8  =  error  in  the  cross  over  length  (Lx) 

For  an  ideal  switch,  Rx  would  be  zero.  For  a  switch  with  an  isolation  of  100:1 
(Rx<0.01),  the  error  in  the  coupling  length  must  be  less  than  6%. 

To  determine  how  Lx  varies  with  the  waveguide  width,  a  numerical 
calculation  is  used  to  calculate  both  Lx  and  dLx/dW.  This  calculation  is 
described  in  the  next  section,  and  some  example  values  of  Lx  and  dLx/dW  are 
given  in  Table  I.  Once  these  parameters  are  determined,  5  in  E6.2-1  can  be 
replaced  with 


5  =  •  Aw 

aw 


where  Aw  is  the  error  In  the  waveguide  widths.  The  resulting  condition  on  the 
waveguide  widths  is  given  in  E6.2-2. 


Aw  <> 


(E6.2-2) 


For  a  100:1  isolation  (Rx=0.01)  the  maximum  allowable  errors  for  the  two  A{3 
switches  produced  are: 


3.0mm  switch  Aw<0.64pm 

0.5mm  switch  Aw<0.29pm 

These  values  are  greater  than  10%  of  the  waveguide  width.  This  level  of 
accuracy  is  easily  achieved  using  the  metal  mask  process  described  in  sec.  5.2. 
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6.2.1 .  Numerical  Analysis  of  the  A(J  Switch 


To  calculate  the  optical  modes  and  cross-over  length  of  the  A0  switch,  the 
planar  waveguide  calculation  (described  in  sec.  3.1)  is  used.  The  first  step  in 
the  process  is  to  calculate  the  effective  index  of  the  planar  waveguide  structure 
as  the  top  cladding  layer  is  numerically  "etched"  away.  Once  this  is 
accomplished,  the  modes  of  the  coupled  waveguides  can  be  calculated.  For  the 
modal  calculation,  the  two  waveguides  and  cladding  are  treated  as  a  five  layer 
planar  waveguide  with  the  refractive  index  of  the  layers  1/2/3/4/5  set  to  the 
effective  index  values  of  ciadding/ridge/cladding/ridge/cladding.  The  symmetric 
and  anti-symmetric  modes  of  this  five  layer  structure  are  calculated.  This 
produces  the  values  of  the  propagation  constants  Pi  and  fe-  Pro™  their 
difference,  the  coupling  constant  can  be  determined  (Kspi-fe),  which  gives  the 
cross-over  length  (Lx*x/2K).  The  program  written  to  perform  this  calculation 
produces  tables  of  Lx  and  dLy/dw  as  a  function  of  rib  height  (etch  depth)  and  rib 
separation.  By  repeating  the  calculation  for  various  rib  widths,  a  complete  set  of 
tables  for  fabricating  switches  of  various  lengths  can  be  produced.  A  subset  of 
the  results  of  these  calculations  is  given  in  table  I.  It  should  be  noted  that  the  rib 
height  given  in  the  table  is  dependent  on  the  underlying  planar  waveguide 
structure.  For  this  reason,  the  more  generally  applicable  values  of  dn/n  are 
given  (where  n=index  of  the  etched  areas  and  n+dn  =  the  index  under  the 
ridges),  the  value  of  n  for  these  structures  is  approximately  3.5. 


Tablet.  Calculated  dimensions  for  evanescently  coupled  waveguides.  The 
parameters  are  chosen  so  that  dL>/dn=0  to  minimize  the  effects  of  fabrication  errors. 


L,(mm) 

W(jim) 

dn/n 

D(pm) 

dL*/dW  (mm/pm) 

3.0 

5.00 

2.50 

1.7x1  O'4 

0.36 

-0.30 

2.0 

4.00 

2.25 

2.4x1  O'4 

0.44 

-0.21 

1.5 

2.75 

2.50 

3.6x1  O'4 

0.49 

-0.14 

1.0 

2.50 

1.75 

5.0x1 0*4 

0.52 

-0.14 

0.5 

2.00 

1.10 

1.0x1  O'3 

0.62 

-0.11 

6.3.  3-mm  Long  Ap  Switch 

The  first  Ap  switch  was  designed  to  have  a  crossover  length  of  3mm.  The 
parameters  for  this  switch  are  shown  in  Table  I.  A  cross-section  of  the 
waveguide  structure  is  shown  in  Fig.  13.  The  waveguides  are  Sum  wide  with  a 
2.5-pm  gap  between  them.  Because  these  first  switches  were  made  on  an  early 
planar  waveguide  structure,  which  has  a  thick  upper  cladding  layer,  the  etch 
depth  to  form  the  ribs  was  0.8pm  (not  0.36pm  as  shown  in  the  table).  These 
waveguides  were  made  by  first  etching  the  ribs,  then  planarizing  the  structure 
with  polyimide  and  finally  applying  the  top  metal  connections. 

The  measured  near-field  intensity  at  several  bias  voltages  is  shown  in 
Fig.  14.  The  coupling  in  this  switch  is  incomplete,  which  causes  the  0V  curve  to 
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have  a  large  right  peak  (input  was  on  the  left  side)  as  expected,  but  with  the 
addition  of  a  shoulder  on  the  left  which  would  not  be  present  if  the  coupling  was 
correct.  Previous  measurements  made  before  application  of  the  electrical 
contacts  and  polyimide  showed  that  the  coupling  between  the  two  guides  should 
have  been  nearly  complete,  indicating  that  the  coupling  problems  arose  during 
the  application  of  these  features.  Several  problems  became  apparent  during  the 
further  fabrication  of  this  switch  and  the  500-pm-long  switch  described  in  the 
next  section.  These  were:  1)  The  polyimide  pulled  away  from  the  switch 
changing  the  coupling  conditions  as  a  function  of  position  down  the  waveguide, 
2)  variations  in  the  photolithography  changed  the  width  and  spacing  between 
the  waveguides,  which  also  changed  the  coupling  conditions  as  a  function  of 
length,  and  3)  errors  in  the  growth  rates  during  the  MBE  growth  of  the  planar 
waveguide  structure  caused  errors  in  the  coupling.  Several  steps  were  taken  to 
eliminate  these  problems. 
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Figure  13.  SEM  micrograph  of  the  3-mm-long  A(3  switch  cross-section  (top)  and  a 
diagram  identifying  the  parts  of  the  structure  (bottom). 
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X(microns) 

Figure  14  Near-field  output  of  the  A(3  switch  as  a  function  applied 
bias. 


To  detect  problems  with  the  layer  thicknesses  in  the  MBE  grown  planar 
waveguides,  superiattices  with  a  period  of  100A  were  used  for  the  waveguide 
cladding.  Superlattice  cladding  had  already  been  used  on  many  of  the  planar 
waveguides  to  prevent  dopants  from  migrating  out  of  the  doped  layers  during 
growth.  By  Including  a  superlattice  near  the  top  of  the  structure,  it  is  possible  to 
use  x-ray  diffraction  to  determine  the  actual  period  and  detect  errors  in  the 
growth  rate.  Figure  15  shows  an  x-ray  diffraction  measurement  of  one  of  these 
structures  (in  this  case  the  SL  period  was  designed  to  be  60A).  The  small  peak 
at  67.77°  is  the  SL  diffraction  peak,  which  corresponds  to  an  actual  SL  period  of 
59.8A  (the  design  value  for  this  structure  was  60A).  (The  large  peak  at  66.4°  is 
not  a  diffraction  feature,  but  is  caused  by  turning  up  the  x-ray  power  at  that  point 
in  the  scan  so  that  the  weak  SL  peak  is  visible.) 
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Figure  15.  X-ray  diffraction  spectrum  of  a  waveguide  structure  with  SL  cladding 


To  reduce  processing  problems  and  lower  the  switching  voltage,  changes 
were  made  to  the  planar  waveguide  layer  thicknesses.  In  the  new  design,  the 
intrinsic  region  was  made  thinner  (1 .275pm  instead  of  1 .64pm)  while  the  core 
width  was  increased  to  increase  the  confinement.  This  reduced  the  ridge  etch 
required  for  the  switches  from  0.75pm  to  0.40pm,  which  simplified  the 
processing.  The  thinner  intrinsic  region  also  lowered  the  switching  voltage.  The 
form  of  the  two  structures  is  shown  in  Fig.  16. 
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Rgure  16.  Epitaxially  grown  waveguide 
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b)  Improved  epitaxial  waveguide 


structures. 


Measurements  of  a  switch  incorporating  these  improvements  are  shown  in  Fig. 
17.  At  zero  bias,  the  intensity  peaks  at  the  left  guide  (input  is  to  the  right  guide) 
with  a  small  residual  intensity  in  the  right  guide.  As  bias  is  applied,  the  intensity 
decreases  in  the  left  guide  and  increases  in  the  right  guide.  At  8 V  bias,  the 
output  of  the  right  guide  peaks  at  about  68%  of  the  initial  zero  bias  peak  in  the 
left  guide.  The  peak  intensity  out  of  each  guide  as  a  function  of  bias  is  shown  in 
Fig.  18.  In  Fig.  18a.  the  bias  is  applied  to  the  branch  guide.  In  this  case  the 
switched  intensity  from  the  feed  guide  at  8V  bias  is  about  70%  of  the  initial  zero 
bias  output  from  the  branch  guide  (with  a  residual  output  from  the  branch  guide 
about  10%  of  its  initial  intensity).  In  Fig.  18b,  the  feed  guide  is  biased.  In  this 
case  the  output  of  the  feed  guide  at  the  8V  switching  potential  is  only  about  17% 


X(microns) 

Rgure  17.  Near-fleld  output  of  a  3-mm-long  A0  switch  using  the  improved  epitaxial 
structure. 
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of  the  initial  croes  guide  output.  This  switching  asymmetry  is  caused  by  the 
electroebsorption  in  the  biased  guide.  When  the  feed  guide  is  biased,  optical 
losses  are  seven  times  higher  than  when  the  cross  guide  is  biased,  as  described 
in  section  6.1.1. 


Figure  18.  intensity  outputs  from  the  A0  switch  for  a)  the  branch  guide 
biased  and  b)  the  feed  guide  biased. 


Even  with  the  inclusion  of  the  superlattice  in  the  thinner  waveguide 
structure,  this  switch  was  sttt  difficult  to  fabricate  reliably.  Coupling  tests  with 
guides  having  no  electrical  contacts  usually  showed  much  better  results  than  the 
zero  bias  results  hi  the  two  switches  presented  here.  We  found  two  problems 
remaining  in  this  switch  design.  The  first  was  the  polyimide  that  was  used  to 
planarize  the  structure.  By  pulling  away  from  the  waveguide  ribs,  the  polyimide 
created  coupling  conditions  that  changed  along  the  length  of  the  waveguides. 
The  final  problem  was  that  we  could  not  determine  the  precise  composition  (x- 
value)  of  the  MxGa-t.xAs  in  the  planar  waveguide  structure.  Both  of  these 
problems  were  solved  in  the  500pm  A0  switch  described  in  the  next  section. 

6.4.  500-pm  Long  A0  Switch 

The  second  type  of  switch  fabricated  was  a  500-pm-long  A0  switch.  The 
dimensions  of  this  switch  are  given  in  table  I.  The  waveguides  in  this  switch 
(and  all  subsequent  waveguide  structures  made  in  this  program  )  are  2pm  wide 
and  etched  to  create  an  index  difference  between  the  guide  and  surrounding 
area  of  about  0.1%. 

To  correct  problems  with  the  photolithography  accuracy  and  the 
polyimide.  the  processing  and  structure  were  changed  from  that  of  the  3-mm 
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switch.  The  processing  was  changed  to  the  metal  mask  process  described  in 
sec.  5.2.  This  process  uses  an  image  reversed  photoresist  that  was  found  to 
produce  the  waveguide  dimensions  more  accurately  than  the  conventional 
positive  photoresist  process.  In  addition,  the  waveguides  were  defined  by  the 
top  p-contact  metal,  which  was  then  used  as  the  mask  for  the  RIE  waveguide 
etch.  This  creates  a  waveguide  with  accurate  width  and  with  the  contact  metal 
already  in  place.  This  self  aligned  contact  metal  eliminates  the  requirement  of 
aligning  the  contacts  with  the  waveguide,  which  allows  fabrication  of  narrow 
waveguides  (required  for  a  short  switch)  using  standard  contact  lithography. 

To  allow  determination  of  the  material  composition,  a  0  5-p.m-thick  layer  of 
AlyGai-xAs  was  included  at  the  top  of  the  structure  over  the  SL.  (This  layer  was 
covered  with  a  500A  GaAs  cap  to  prevent  oxidation  of  the  AiGaAs.)  This  layer 
makes  it  possible  to  use  photoiummescence  (PL)  to  determine  the  composition 
of  the  AlyGat-xAs  after  growth.  Since  the  same  composition  was  used 
throughout  the  structure,  this  measurement  gives  the  compositional  accuracy  of 
the  structure. 

With  the  addition  of  the  supertattice  cladding  (described  in  the  last 
section),  the  AlxGai^As  top  layer,  and  the  self-aligned  metal  mask  lithography 
process,  the  500-pm  A0  switch  could  be  retabfy  processed.  These 
improvements  were  used  in  ail  subsequent  waveguide  structures  produced  in 
this  program. 

The  structure  of  the  SOO-pm-Jong  A0  test  switches  is  shown  m  Fig.  19. 
Each  set  of  switches  consists  of  five  coupled  pairs  of  2-pm-wide  waveguides 
with  a  1.1 -um  gap  between  them.  Input  to  each  pair  is  through  a 


Figure  19.  Test  structure  for  the  500- um- long  A0  switch. 
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single  waveguide.  The  length  of  the  coupled  pairs  is  incremented  by  50|im  from 
pair  to  pa  *  to  allow  for  errors  in  the  coupling  length.  The  calculated  coupling 
length  as  a  function  of  the  etch  depth  of  the  waveguides  is  shown  in  Fig.  20.  We 
fabricate  the  waveguides  so  the  switches  operate  at  the  minimum  cross-over 
length.  This  not  only  gives  the  switch  the  shortest  length  for  a  given  set  of 
waveguide  dimensions,  but  also  makes  the  switch  less  susceptible  to  variations 
in  the  etch  depth  and  waveguide  widths.  The  near-field  t  jtput  of  a  550-|im  A(3 
switch  under  several  bias  conditions  is  shown  in  Fig.  21. 


Depth(jj,m) 

Figure  20.  Calculation  of  coupling  length  vs.  the  rib  etch  depth.  The  etch 
depth  was  chosen  to  give  the  minimum  coupling  length  for  a  given 
separation  thus  making  the  switch  less  sensitive  to  fabrication  errors. 


At  zero  bias,  the  output  shows  a  well  defined  single  peak  that 
demonstrates  complete  coupling  of  the  input  light  into  the  cross  guide.  As  the 
bias  is  ;ncreased,  a  second  peak  appears  at  the  output  of  the  cross  guide.  At 
15.5V  volts  the  intensity  in  the  bar  guide  reaches  its  peak  value  (about  85%  of 
the  initial  cross  guide  output).  A  plot  of  the  output  intensities  is  shown  in  Fig.  22. 
This  curve  deviates  from  an  ideal  switch  in  that  the  switched  output  is  85%  of  the 
unswitched  output  instead  of  equal  to  it.  This  amount  of  loss  could  easily  be 
corrected  by  adding  gain  at  th~  output  of  the  switch.  A  more  serious  problem 
with  this  switch  is  that  it  cannot  be  used  with  the  input  into  the  biased 
waveguide,  in  that  case,  applying  bias  to  the  switch  causes  strong  absorption, 
which  causes  the  output  intensity  to  drop  to  near  zero  before  the  switching 
process  is  complete.  This  makes  this  A3  switch  suitable  as 
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Figure  21 .  Near-field  output  of  the  500-um-long  Ap  switch  at 
5  values  of  the  applied  bias. 


a  one-input  two-output  switch,  but  not  as  a  2x2  cross  bar  switch.  This  limitation 
was  overcome  in  the  Aa  switch  described  in  the  next  section. 


Figure  22.  Output  intensity  from  each  guide  as  a  function  of 
applied  bias. 
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The  second  type  of  switch  developed  in  this  program  is  called  the  Aa 
switch.  The  name  comes  from  mode  of  operation,  which  uses  the  change  in  the 
absorption  coefficient  a  caused  by  biasing  the  quantum  wells  to  accomplish  the 
switching.  The  general  structure  of  this  type  of  switch  is  shown  in  Fig.  23.  it 
consists  of  four  Y-splitters,  two  at  the  input  end  and  two  at  the  output  end  of  the 
switch.  In  operation,  light  enters  one  the  two  input  guides  at  the  left  of  the 
structure.  Each  of  these  inputs  is  then  split  into  two  paths,  which  go  to  the  two 
outputs  at  the  right  side  of  the  switch.  To  switch  to  either  a  bar  or  cross  state, 
the  different  paths  can  be  reverse  biased  to  make  them  absorbing.  The  bar 
state  is  formed  by  reverse  biasing  the  cross  in  the  center  of  the  structure  to 
make  it  opaque.  In  a  similar  way,  the  cross  state  is  formed  by  reverse  biasing 
the  bar  paths  on  each  side  of  the  switch  to  make  them  absorbing.  The 
disadvantage  to  this  type  of  switch  is  the  splitting  loss.  Each  time  light  passes 
through  one  of  the  Y-splitters  (either  entering  from  single  or  double  waveguide 
side),  its  intensity  is  reduced  by  half.  This  means  that  at  best  25%  of  the  input 
will  reach  one  of  the  outputs.  To  eliminate  this  loss,  gain  must  be  added  to  the 
structure.  It  would  be  possible  to  forward  bias  the  entire  structure  so  that  all  the 
waveguides  would  have  gain.  Switching  could  then  be  achieved  by  removing 
the  bias  or  switching  to  reverse  bias  in  those  sections  required  to  be  opaque. 
There  are  two  major  disadvantages  to  that  approach.  First,  the  switch  would 
require  a  great  deal  of  electrical  power,  which  would  make  cooling  a  problem  in 
a  large  network.  Second,  switching  gain  on  and  off  is  a  relatively  slow  process. 
For  our  approach,  short  gain  sections  at  the  inputs  and  outputs  of  the  switch  that 
are  dc  biased  were  chosen.  Switching  is  achieved  in  the  bar  and  cross  paths  by 
using  waveguides  that  are  transparent  under  zero  bias  and  opaque  under 
reverse  bias.  The  reverse  biased  guides  draw  very  little  current  and  make  high 
speed  modulators  so  that  high  speed  switching  can  be  achieved. 


|4 - SOOjim - »j 

Figure  23.  Design  of  the  Aa  switch. 

The  gain  is  produced,  as  in  a  laser,  by  forward  biasing  the  junction 
containing  the  quantum  wells.  This  gain,  however,  is  at  a  wavelength  that  is 
strongly  absorbed  by  the  unbiased  quantum  wells.  Since  the  entire  switch 
structure  is  made  on  the  same  epitaxial  structure,  ail  the  waveguides  contain  the 
same  quantum  wells.  For  the  switch  to  operate,  the  QW  exciton  wavelength  in 
the  gam  sections  must  be  at  a  longer  wavelength  than  the  QW  excitons  in  the 
rest  of  the  structure.  In  the  switch  produced  in  this  program,  we  accomplished 
this  by  using  oxide  induced  disordering  to  blue  shift  the  excitons  in  the 
modulator  and  transparent  waveguide  sections  of  the  switch.  This  enabled  us  to 
achieve  both  gain  and  modulation  at  the  same  wavelength  in  the  switch 
described  below. 

The  switch  is  fabricated  using  the  self-aligned  metal  mask  process 
described  in  section  5.2.  In  this  process,  the  waveguides  are  defined  as  a  gold 
pattern  on  the  surface  of  the  wafer.  This  metal,  which  will  form  the  p-contacts  on 
top  of  the  waveguides  in  the  final  structure,  is  used  as  the  etch  mask  in  the  RIE 
process  used  to  etch  the  waveguides.  In  addition  to  the  waveguides,  the  contact 
circles  (shown  in  fig.  23)  as  well  as  the  connection  between  the  contact  circle 
and  the  waveguide  (this  is  shown  in  greater  detail  in  fig.  24)  are  put  down  in  gold 
in  this  first  step.  Once  the  gold  pattern  has  been  defined,  the  structure  is  etched 
to  form  the  waveguide  ridges  using  RIE.  After  this  step,  a  second  etch  is  used  to 
define  the  tumi  '.g  mirror  facets  (this  is  described  in  sec.  7.1.2).  Finally,  a  thick 
gold  pattern  is  applied  forming  the  electrical  contact  pads.  This  final  gold  layer 
also  includes  the  contact  traces  (shown  in  Fig.  23),  that  end  in  large  circles  that 
surround  the  contact  circles  described  above.  This  overlap  of  the  two  circles  in 
the  two  different  layers,  along  with  evaporation  of  the  last  metal  layer  at  an  angle 
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20  to  30°  from  normal,  insures  that  electrical  connection  will  be  made  between 
the  two  levels.  An  SEM  micrograph  of  one  of  these  circles  is  shown  in  Fig.  25. 
The  electrical  contact  pads  could  be  included  in  the  waveguide  layer,  but  this 
would  make  the  pads  themselves  diodes,  which  would  have  several  negative 
effects  on  the  device.  First,  the  chance  that  a  diode  will  contain  a  defect  (and 
thus  be  shorted  and  unusable)  is  proportional  to  the  diodes  area,  so  the  area  of 
each  diode  should  be  kept  as  small  as  possible.  Second,  a  larger  area  diode 
has  a  larger  capacitance  (capacitance  is  proportional  to  the  diode  area)  so  for 
high  speed  applications  the  diode  area  should  also  be  kept  as  small  as  possible. 
For  high  speed  applications,  it  would  be  desirable  to  add  a  layer  of  a  low 
dielectric  constant  insulator  under  the  last  metal  layer.  Either  polyimide  of  SiC>2 
could  be  used  for  this  application  resulting  in  a  lower  contact  pad  capacitance. 

In  the  sections  below,  we  describe  the  waveguide  components  of  the 
switch  followed  by  a  description  and  demonstration  of  the  first  2x2  Aa  switch 
(which  did  not  have  gain).  This  is  followed  by  a  description  of  the  oxide 
disordering  process  and  results,  and  finally  the  test  results  on  two  2x2  Aa 
switches  with  gain  are  presented. 


Figure  24.  The  Y-splitter  structure  used  in  the  Aa  switch.  The  inset  shows  the 
electrical  trace  going  past  the  cross  path  to  the  bar  path. 
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Figure  25.  SEM  micrograph  of  gold  contact  circles  used  to  make  electrical 
connections  between  the  etched  level  and  waveguide  ridge  level  of  the 
switch. 


7.1 .  4a  Waveguide  Switch  Structures 

The  first  of  two  designs  of  the  Aa  switch  is  shown  in  fig.  23.  As  already 
described,  this  switch  operates  by  splitting  each  input  into  two  paths  so  that 
each  input  can  be  routed  to  either  of  the  two  outputs.  Light  enters  the  switch  at 
either  of  the  two  inputs  shown  at  the  left,  and  travels  through  a  100-pm-long 
waveguide  electrically  connected  to  a  'gain*  contact  pad.  All  waveguides  in  the 
structure  are  2pm  wide  with  ridges  0.6pm  high.  The  light  reaches  the  end  of  the 
gain  gjide  and  travels  unguided  for  50pm  to  the  beginning  of  the  bar  and  cross 
paths.  The  input  guide,  50-pm  unguided  region,  and  the  bar  and  cross  path 
guides  form  a  Y-splItter.  The  light  is  split  equally  into  the  bar  and  cross  paths. 
The  bar  path  is  formed  by  an  arc  of  1 .3cm  radius,  which  brings  the  light  to  the 
output  end  of  the  switch  on  the  same  side  it  entered.  The  cross  path,  which 
contains  two  turning  mirrors,  causes  the  light  to  cross  to  the  switch  so  that  it 
emerges  at  the  output  end  of  the  switch  on  the  side  opposite  from  which  it 
entered.  By  applying  a  reverse  bias  to  the  bar  or  cross  electrical  contact  pads, 
the  corresponding  path  becomes  opaque  so  that  no  light  emerges  from  that 
path.  At  the  output  end  of  the  switch  the  light  again  travels  through  100-pm 


output  guides  connected  to  gain  contact  pads.  The  switch  is  symmetric  so  that 
light  can  enter  the  'output"  end  and  emerge  from  the  "input"  end  if  desired.  The 
switch  is  designed  so  that  it  can  be  ganged  with  identical  switches  to  form  an 
NxN  switch  network. 

The  turning  mirrors  accomplish  two  purposes  in  this  structure.  First,  they 
increase  the  crossing  angle  between  the  two  cross  paths.  This  is  necessary  to 
avoid  crosstalk  between  these  two  paths  as  shown  below  in  sec.  7.1.1.  The 
second  purpose  of  the  turning  mirrors  is  to  widen  the  switch  structure  so  that  the 
contact  pads  can  be  included  inside  the  switch.  For  a  single  2x2  switch  this 
would  not  be  necessary  since  the  pads  could  be  placed  on  either  side  of  the 
switch,  which  would  allow  the  switch  to  be  narrow  if  required.  Most  applications 
for  a  2x2  switch  require  an  array  of  switches  to  form  an  NxN  switching  network. 
As  shown  in  Fig.  1c,  the  lateral  spacing  between  switches  in  such  a  network  is 
equal  to  the  width  of  an  individual  2x2  switch.  For  a  large  network,  the  electrical 
contacts  must  be  made  to  fit  within  the  width  of  a  single  switch.  The  spacing 
between  input  and  output  guides  provided  by  the  mirrors  is  large  enough  to 
allow  optical  fibers  to  be  attached  if  required,  which  is  an  important 
consideration  for  some  applications.  In  this  design,  the  electrical  contacts  are 
square  bonding  pads  with  dimensions  of  90pm  by  90pm.  As  discussed  in  sec. 
8.2,  this  size  could  be  greatly  reduced,  which  would  lead  to  smaller  turning 
angles  in  the  mirrors  reducing  the  optical  loss  in  the  cross  paths. 

The  individual  waveguide  components  of  the  switch  (curved  waveguides, 
Y-spl'rtters,  crossovers  and  turning  mirrors)  were  carefully  designed  to  minimize 
propagation  loss.  A  short  description  and  analysis  of  each  is  given  below. 


7.1.1.  Waveguide  Y-Splitters 


As  already  described,  the  Aa  switch  is  formed  primarily  from  four  Y- 
splitters,  with  the  two  at  the  input  acting  as  intensity  splitters  and  the  two  at  the 
output  acting  as  combiners.  A  detail  of  part  of  the  structure  containing  a  Y- 
splitter  is  shown  in  Fig.  24.  This  shows  the  gap  in  the  Y-splitter  between  the 
single  guide  input  and  the  two  outputs.  Also  shown  is  an  electrical  lead  running 
through  a  gap  in  a  waveguide  as  described  in  sec.  5.2.  The  electrical  lead  is 
identical  in  structure  to  the  waveguide  and  is  formed  at  the  same  time  as  the 
waveguides,  only  the  90°  angle  between  it  and  the  waveguide  prevents  it  from 
carrying  light.  The  contact  pads  are  put  down  later  in  the  process  and  overlap 
the  electrical  leads  as  shown  at  the  right  of  the  figure. 
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A  simplified  structure  of  the  Y-splitters  is  shown  in  Fig.  26  along  with  the 
2D  beam  propagator  calculation  of  the  optical  intensity  distribution.  The  angle  of 
divergence  between  the  two  output  guides  is  2.4°  (as  in  the  Aa  switch).  Note 
that  the  scale  is  compressed  in  the  direction  of  propagation  making  the  angle 
appear  much  larger  than  it  actually  is.  In  the  splitting  mode,  light  enters  from  the 
single  guide  side.  To  split  the  light  into  two  paths  it  is  necessary  to  widen  the 
mode  before  entering  the  two  exit  guides.  This  is  usually  done  using  a  tapered 
section  of  guide.  In  the  weakly  guiding  waveguides  used  in  our  designs,  we 
found  a  taper  to  be  unnecessary.  The  mode  can  be  widened  in  the  shortest 
distance  by  leaving  a  gap  between  the  input  and  output  guides,  in  this  way,  the 
mode  is  unguided  and  diffracts,  thus  widening  as  it  travels  through  the  gap. 

Since  the  difference  in  effective  index  between  the  guides  and  surrounding  area 
is  only  0.1%,  there  is  very  little  reflection  at  the  guide  ends,  in  the  2D  beam 
propagator  calculation,  light  enters  from  the  straight  section  of  guide  at  the 
bottom  of  the  figure.  After  traveling  through  the  100-pm  input  guide,  the  light 
emerges  into  the  gap  where  it  expands  unguided  for  75pm  before  entering  the 
two  output  guides.  As  in  all  the  other  waveguides  in  this  switch,  these 
waveguides  are  2pm  wide.  The  narrowest  gap  between  the  two  output  guides  is 
1pm,  which  is  about  the  minimum  that  can  be  accurately  made  using  standard 
contact  printing  photolithography.  The  splitting  angle  was  determined  using  the 
beam  propagator  calculation  to  try  various  angles  to  find  the  maximum  angle  that 
had  low  loss.  The  configuration  used  here  splits  the  light  evenly  into  the  two 
paths  with  45%  in  each  path  and  10%  scattered  loss  (according  to  the 
calculation).  In  the  mask  set  for  the  switch  structure  we  included  some  of  these 
Y-splitters  so  we  could  evaluate  their  operation  without  the  complications  of  the 
rest  of  the  switch.  The  measured  output  from  one  of  these  Y-splitters  is  shown 
in  Fig.  27.  The  measurement  shows  that  the  input  is  split  into  two  nearly  equal 
modes  surrounded  by  some  low  level  scattered  light. 
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T  -  45%  (in  each  branch) 


Figure  26.  2D  beam  propagator  calculation  of  a  Y-splitter.  The  full 
angle  between  the  two  output  guides  is  2.4°. 


Figure  27.  Measured  near-field  output  from  a  symmetric  Y-splitter. 


In  the  actual  switch  structure,  one  side  of  the  splitter  output  goes  into  a 
curved  guide  (the  bar  path),  and  the  calculation  predicts  a  significant  amount  of 
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scattered  light  outside  of  the  arc  path.  This  scattered  light  is  seen  in  the 
measurement  of  the  output  intensity  of  this  structure,  which  is  shown  in  Fig.  28. 
This  measurement  was  made  by  cleaving  the  switch  structure  down  the  center 
leaving  the  resulting  structure  shown  in  the  inset  in  the  figure.  The  output  of  the 
curved  guide  is  about  78%  that  of  the  straight  guide.  Since  all  the  symmetric 
splitters  measured  had  nearly  equal  intensity  distributions  between  the  two 
guides,  we  attribute  the  difference  here  to  losses  in  the  curved  section  of 
waveguide  so  that  the  transmission  in  the  curved  guide  is  about  78%  of  that  in 
the  straight  guide.  In  this  section  of  switch,  the  curved  waveguide  is  300pm 
long,  for  a  full  switch  the  curved  waveguides  are  600pm  long  so  that 
transmission  through  the  curve  in  the  bar  path  should  be  about  60%. 


Figure  28.  Near-field  output  from  a  switch  cleaved  at  the  midpoint 
showing  the  intensity  in  the  curved  guide  (bar  path)  and  straight 
guide  (cross-path). 


In  addition  to  the  symmetric  Y-splitters  used  in  the  switch,  we  included  an 
asymmetric  Y-splitter  in  the  test  structures  included  in  the  switch  mask  set. 
These  were  included  for  possible  use  in  future  switch  designs.  The  structure  of 
the  asymmetric  splitter  and  the  beam  propagator  calculation  are  shown  in  Fig. 
29.  The  structure  consists  of  a  single  input  guide,  a  parallel  output  guide 
(parallel  to  the  input  guide)  and  an  angled  output  guide.  In  a  switch,  this  would 
eliminate  the  need  for  curved  bar  paths,  which  can  be  lossy  as  demonstrated 
above.  In  the  beam  propagator  calculation  the  output  intensity  of 
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Intensity 


Figure  29.  Asymmetric  Y-splitter  structure  and  the  20  beam  propagator 
calculation  of  its  operation.  The  predicted  intensity  from  the  2°  angled  guide 
is  89%  of  that  from  the  straight  guide. 


Figure  30.  Measured  output  from  the  asymmetric  Y-splitter.  The  measured 
intensity  from  the  angled  (left)  guide  is  71%  of  that  from  the  straight  (right) 
guide. 


the  angled  guide  is  about  89%  of  that  of  the  parallel  guide.  In  the  measurement 
shown  in  Fig.  30,  the  intensity  of  the  angled  guide  is  about  71%  that  of  the 
parallel  guide.  With  further  work,  it  should  be  possible  to  make  the  outputs  of 
this  splitter  nearly  equal  in  intensity. 


7.1.2.  Waveguide  Crossovers 

At  the  center  of  the  switch  is  the  crossover  between  the  two  cross  paths. 
Without  the  turning  mirrors,  the  angle  between  the  crossing  guides  would  be 
about  2.4  degrees,  which  is  determined  by  the  splitting  angle  of  the  Y-splitters. 
To  analyze  waveguides  intersecting  at  that  angle,  we  used  the  2D  beam 
propagation  program.  The  calculation  for  an  ideal  pair  of  waveguides  crossing 
at  2.4  degrees  is  shown  in  Fig.  31a.  The  crosstalk  between  the  guides  in  this 
calculation  is  only  4%,  which  would  be  acceptable  for  many  applications.  This 
assumes  a  perfect  structure  with  a  sharp  intersection  where  the  guides  meet, 
which  would  be  impossible  to  fabricate.  A  more  realistic  structure  is  shown  in 
Rg.  31b.  In  this  structure  the  sharp  intersections  have  been  squared  off  so  that 
the  smallest  dimension  is  1pm,  which  is  closer  to  what  can  actually  be  achieved 
using  standard  photolithography  techniques.  In  this  case,  the  2D  beam 
propagator  program  finds  about  13%  crosstalk,  which  is  above  acceptable 
levels.  To  eliminate  the  crosstalk  problem  at  this  crossing,  we  incorporated 
turning  mirrors  into  the  switch  structure.  With  the  addition  of  turning  mirrors,  the 
angle  between  the  two  crossing  guides  is  near  90  degrees,  which  virtually 
eliminates  crosstalk  between  these  guides. 
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Figure  31.  Waveguides  crossed  at  2.4°.  In  (a)  the  intersection  is  perfectly  sharp.  In 
(b)  the  intersection  is  cut  off  at  1pm,  which  is  closer  to  a  real  structure 


7.1 .3.  Waveguide  Turning  Mirrors 

An  important  component  of  the  Aa  switch  is  the  turning  mirror.  Turning 
mirrors  were  included  in  the  structure  to  both  reduce  crosstalk  between  the  two 
cross  path  guides  and  to  make  the  switch  structure  wide  enough  to  provide  room 
for  the  electrical  contacts.  The  basic  idea  behind  the  turning  mirror  is  to  use  a 
deeply  etched  trough  to  cieate  a  GaAs/air  interface.  Light  hitting  this  interface  at 
greater  than  the  critical  angle  will  be  totally  reflected.  By  proper  positioning  of 
the  input  and  output  guides  with  respect  to  the  mirror  interface,  a  low  loss 
turning  mirror  can  be  formed.  In  practice  there  are  several  loss  mechanisms  that 
can  greatly  reduce  the  efficiency  of  the  turning  mirror.  Some  of  the  loss 
mechanisms  are:  1)  misalignment  between  the  waveguides  and  the  mirror 
interface.  2)  diffraction  losses  due  to  unguided  propagation  within  the  mirror 
structure,  and  3)  scattering  due  to  roughness  at  the  mirror  interface. 


A  detailed  drawing  of  the  turning  mirror  structure  is  shown  in  Fig.  32.  As 
with  ait  the  waveguide  structures  in  the  switch,  the  waveguides  are  formed  by 
first  putting  down  the  metal  patterns  and  then  using  those  metal  patterns  as  a 
mask  in  a  reactive  ion  etch  process.  To  form  an  accurately  aligned  mirror  edge, 
we  use  a  self-aligned  process  to  etch  both  the  waveguides  and  the  mirror.10  In 


Figure  32.  The  seif-aligned  turning  mirror  structure  used  in  the  Aa 
switch. 


this  process  the  metal  is  put  down  in  the  pattern  shown  in  Fig.  32.  This  pattern 
defines  both  the  input  and  output  waveguides  as  well  as  the  mirror  edge.  Since 
the  mask  used  to  from  this  pattern  is  made  using  e-bearr  lithography,  the  angles 
and  dimensions  of  this  structure  are  extremely  accurate  (to  about  0.  ipm). 
Following  the  metal  application,  the  waveguides  are  formed  using  the  standard 
waveguide  etch  of  about  0.5pm,  which  forms  all  the  waveguides  in  the  structure. 
After  the  waveguides  are  formed,  photoresist  is  spun  over  the  structure  and 
windows  are  opened  over  the  mirror  edges  (mirror  etch  window  shown  in  Fig. 
32).  A  second  etch  is  then  used  to  form  a  deep  trough  in  the  area  not  covered 
by  either  photoresist  or  metal.  Since  the  mirror  edge  is  formed  by  the  original 
metal  that  also  defines  the  waveguides,  it  is  precisely  aligned  with  the 
waveguides.  An  SEM  micrograph  of  one  of  the  self-aligned  mirrors  is  shown  in 
Fig.  33. 
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Figure  33.  SEM  micrograph  of  the  self-aligned  mirror  structure. 


To  test  the  turning  mirrors,  we  included  a  series  of  mirror  tests  paths  on 
the  switch  mask  sets.  The  test  paths  from  the  second  switch  are  shown  in  Fig. 
34  (the  first  switch  contained  a  single  test  path).  The  test  paths  consist  of  a 
single  straight  path  for  reference  and  three  mirror  paths  containing  four  turning 
mirrcrs  each.  The  turning  angles  of  the  four  mirrors  within  a  single  mirror  path 
are  identical.  The  mirror  angles  for  the  three  mirror  paths  are  37°, 53°,  and  90°. 
These  angles  were  chosen  because  the  e-beam  lithography  machine  that  draws 
the  masks  uses  a  square  writing  grid.  For  this  reason  angles  with  integer  (or 
one  over  integer)  tangents  are  drawn  more  smoothly  than  arbitrary  angles. 

(Note  that  the  mirror  angle  is  one  half  the  turning  angle  so  the  turning  angles  of 
90°,53.1°  and  36.9°  correspond  to  mirror  angles  of  45°,  26.6°,  and  18.5°- 
which  have  tangents  of  1,1/2,  and  1/3,  respectively.)  The  unguided  lengths  in 
jr/'h  mirror  structure  are  30.6pm,  22.8pm  and  15pm  for  the  37°,  53°,  and  90° 
mirrors,  respectively.  The  calculated  diffraction  losses,  determined  using  the 
beam  propagator,  for  these  mirror  are  4%.  0.2%  and  0.1%  for  the  37°,  53°,  and 
90°  mirrors,  respectively.  Measurements  of  the  losses  were  made  by  comparing 
the  intensity  output  of  each  mirror  path  with  the  output  of  the  reference  path. 

The  transmission  determined  from  each  path  was  then  assumed  to  be  the  fourth 
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Figure  34.  Test  path  used  to  determine  he  loss  of  turning  mirrors  fabricated  for 
different  turning  angles. t 

power  of  the  mirror  throughput  since  each  path  contained  four  mirrors.  Figure 
35  shows  the  measured  output  intensity  profiles  for  one  of  these  measurements. 
The  experimentally  determined  mirror  reflectivities  are  84  ±  4%,75±8%  and 
41±9%  for  the  37°,  53°,  and  90°  mirrors,  respectively.  The  mirrors  used  in  the 
switch  were  45°  in  the  first  design  and  53°  in  the  second  design.  (The  design 
was  changed  after  the  first  version  to  use  angles  that  could  be  drawn  more 
smoothly  in  the  mask  making  process.)  Since  each  cross  path  contains  two 
mirrors,  the  transmission  of  the  cross-path  should  be  about  50%  of  that  of  the 
bar  path  due  to  mirror  losses,  though  the  60%  transmission  through  the  curved 
bar  guides  nearly  balances  out  this  loss. 
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Figure  35.  Near-field  intensity  output  from  the  four  test 
mirror  paths.  All  four  curves  are  plotted  on  the  same 
intensity  scale  but  offset  for  clarity. 


7.1.4.  Curved  waveguides 

As  shown  in  Fig.  23.  each  bar  path  contains  a  curved  section  of 
waveguide.  In  both  Act  switch  designs  fabricated  in  this  program,  the  radius  of 
these  curves  is  1.3cm.  This  curvature,  the  length  of  the  bar  sections  and  the 
splitting  angle  of  the  Y-splitters  are  all  interrelated  parameters.  Since  we  wanted 
to  keep  the  overall  length  of  the  switch  at  about  1  mm,  and  the  gain  sections  at 
each  end  are  100pm  long,  the  length  of  the  bar  section  is  600pm. 

A  20  beam  propagation  calculation  of  a  curved  section  of  the  waveguide 
is  shown  in  Fig.  36.  The  calculated  transmission  through  the  600-pm-long  ,  1.3- 
cm-radius  guide  is  92%. 
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Rgure  36.  20  beam  propagator  calculation  of  the  1 .3-cm-radius  arc  used  in  the 
bar  path  of  the  Aa  switch. 

7.2.  2  x  2  Aa  Switch  without  Gain 

Two  designs  of  the  Aa  switch  were  made  during  the  development 
process,  the  first,  which  is  described  in  this  section,  incorporated  all  of  the  major 
features  described  above,  but  did  not  have  gain.  The  structure  of  this  switch  is 
shown  in  Fig.  37,  a  micrograph  of  the  structure  is  shown  in  Fig.  38.  As  shown  in 
the  diagram,  the  switch  has  separate  electrical  contact  pads  for  each  gain 
section  (which  were  never  used  in  this  design),  and  one  electrical  contact  pad 
each  for  the  bar  and  cross  paths.  The  total  length  of  the  switch  is  960pm. 
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Figure  37.  Layout  of  the  Aa  switch  and  test  structures. 

The  switches  are  arrayed  in  groups  of  six  to  form  a  4x4  switch  network, 
which  is  only  partially  shown  here.  Also  shown  at  the  bottom  of  the  micrograph 
(Fig.  38)  are  several  switches  that  contain  no  turning  mirrors  thus  making  them 
much  more  narrow  and  requiring  the  electrical  contact  pads  on  the  outside  of  the 
switch  structure.  Because  the  electrical  contacts  are  in  the  way,  these  switches 
could  not  be  arrayed  in  a  network.  Tests  of  these  narrow  switches  showed 
severe  cross-talk  problems  so  this  design  was  not  pursued  any  further.  Shown 


55 


•  t# 


above  the  switches  in  the  micrograph  is  a  single  mirror  test  path  along  side  a 
straight  reference  waveguide.  For  test  measurements,  the  structure  shown  in 
the  micrograph  was  cleaved  along  vertical  lines  running  through  the  diamonds  at 
the  bottom  of  the  micrograph.  This  allowed  measurements  on  single  switches 
and  single  sets  (groups  of  four)  of  test  mirrors.  The  mirrors  in  this  structure  had 
reflectivities  of  about  63%. 


.  \  •  \ 


Figure  38.  SEM  micrograph  of  the  Aa  switch. 


The  nearfieid  output  of  the  switch  is  shown  in  Fig.  39.  This  figure  shows 
the  output  intensity  profile  for  three  different  states  of  the  switch.  The  bottom 
trace  shows  the  output  with  no  bias  on  either  the  bar  or  cross  paths.  Input  is  on 
the  left  side  as  shown  on  the  inset  in  the  figure.  The  peak  on  the  left  side  has  a 
large  amount  of  scattered  light  surrounding  it,  which  is  presumably  caused  by 


light  scattering  out  of  the  curved  section  of  waveguide.  The  middle  trace  shows 
the  output  with  -9V  bias  on  the  cross  guide.  In  this  case,  the  right  peak  intensity 
is  zero  (to  the  precision  of  the  measurement).  Finally,  the  upper  trace  shows  the 
output  with  -9V  on  the  bar  paths.  In  this  case  the  central  peak  is  eliminated,  but 
the  scattered  intensity  remains. 
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Figure  39.  Near-field  output  from  the  Aa  switch  under  three  bias  conditions. 


7.3.  Using  Disordering  to  Combine  Gain  and  Modulation 

As  described  in  the  introduction  to  section  7,  the  requirement  to  have  gain 
producing  waveguides  in  the  switch  necessitates  blue  shifting  the  rest  of  the 
waveguides  in  the  switch.  To  accomplish  this,  we  chose  to  use  oxide  induced 
disordering  to  blue  shift  the  quantum  well  excitons  in  selected  areas  of  the 
switch.  Disordering  blue  shifts  the  quantum  well  exciton  by  diffusing  the 
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quantum  well  structure  and  raising  the  energy  level  of  the  wavefunctions  in  the 
quantum  well.  An  example  calculation  showing  this  effect  is  provided  in  Fig.  40. 
Figure  40a  shows  the  conduction  band  quantum  well  with  its  calculated  ground 
state  exciton.  The  quantum  well  is  a  100A  wide  GaAs  layer  surrounded  by 
AI.3Ga.7As.  In  this  structure,  the  conduction  band  well  is  about  300meV  deep 
with  the  ground  state  level  about  61meV  above  the  bottom  of  the  well.  Figure 
40b  shows  the  same  quantum  well  after  diffusion.  In  this  case,  Al  diffuses  into 
the  well,  raising  the  ground  state  energy  level,  thus  shifting  the  absorption 
toward  the  blue.  The  calculated  diffusion  of  the  well  structure  for  an  integrated 
diffusion  time  product  of  150A2  is  shown  on  the  right  of  the  figure.  Both  sets  of 
plots  in  the  figure  are  on  the  same  vertical  energy  scale,  and  the  wavefunctions 
are  plotted  on  baselines  equal  to  their  energy  levels.  The  upward  shift  in  the 
ground  state  wavefunction  between  the  as-grown  well  and  the  diffused  well  is 
due  to  the  change  in  the  well,  which  raised  the  wavefunction  energy  by 
12.9meV. 
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Figure  40.  Calculated  effect  of  diffusion  on  a  quantum  well  and  its  ground 
state  energy. 


In  a  real  device,  the  disordering  process  is  accomplished  by  covering 
the  surface  of  the  area  to  be  shifted  with  Si02-  The  wafer  is  then  place  top  side 
down  on  another  GaAs  wafer  forming  a  proximity  cap,  which  prevents  out- 
diffusion  of  As  from  the  uncoated  areas  of  the  wafer.  The  two  wafers  are  then 
placed  in  a  rapid  thermal  anneal  at  approximately  960°C  for  60  to  90  sec. 
(These  parameters  vary  depending  on  the  waveguide  structure  and  the  amount 
of  shift  required.)  An  example  of  the  results  of  this  process  is  shown  in  Fig.  41 . 
The  figure  shows  photocurrent  spectra  of  three  samples  taken  from  the  same 
wafer.  The  three  traces  in  the  figure  show  spectra  of  the  as-grown  quantum  well 
with  a  peak  at  8502A,  a  proximity  capped  area  with  a  peak  at  8462A  and  an 
oxide  disordered  area  with  a  peak  at  8308A.  The  waveguide  structure  used  in 
this  measurement  contained  10  quantum  wells  in  the  0.2-)im-thick  core.  Since 
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the  blue  shifted  peak  is  only  slightly  broadened,  the  effect  of  the  disordering 
must  be  nearly  equal  over  the  thickness  of  the  waveguide  core  (0.275pm). 

Measurements  of  the  Stark  shift  of  an  as-grown  sample  (control)  and 
disordered  sample  (VID)  are  shown  in  Fig.  42.  Application  of  a  10V  reverse  bias 
to  the  control  sample  shifts  the  excitons  by  90A  while  the  same  bias  applied  to 
the  VID  sample  shifts  its  excitons  by  only  38A.  We  believe  this  reduction  in  the 
Stark  shift  is  because  the  shape  of  the  disordered  well  approximates  a  parabola. 
Excitons  in  a  perfect  parabolic  well  would  not  be  shifted  by  an  external  field. 
Further  development  of  the  model  calculation  for  disordered  wells  should  allow 
this  reduction  in  Stark  shift  to  be  modeled.  Careful  design  of  a  pair  of  coupled 
wells  should  make  it  possible  to  achieve  sufficient  Stark  shifts  in  the  disordered 
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Figure  41.  Photocurrent  spectra  of  a  waveguide  sample  containing 
SQWs.  The  peaks  at  8502A,  8462A  and  8308A  correspond  to  the  as- 
grown,  proximity  capped  and  vacancy  induced  disordered  material, 
respectively.  The  anneal  for  VID  was  960  °C  for  90  s. 

ACQW  structure,  though  it  is  probably  not  possible  to  maintain  large  Stark  shifts 
in  a  disordered  simple  square  quantum  well. 
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Rgure  42.  Measurement  of  the  Stark  shift  for  100A  wells  with 
(VID  960  °C  for  90  s)  and  without  (control)  vacancy  induced 
disordering. 


To  determine  the  proper  annealing  parameters,  it  would  be  desirable  to 
develop  a  model  that  could  predict  the  amount  of  energy  shift  for  a  given  set  of 
processing  parameters.  However,  this  would  require  a  large  effort  and  is  beyond 
the  scope  of  this  program,  instead,  the  approach  we  took  was  to  disorder  single 
quantum  well  structures  to  determine  the  integrated  diffusion.  By  repeating  the 
calculation  shown  in  Fig.  40  for  both  the  conduction  and  valence  bands,  the 
wavelength  shift  as  a  function  of  integrated  diffusion  was  determined.  An 
example  of  this  calculation  is  shown  in  Fig.  43.  Using  this  curve,  the  measured 
wavelength  shift  can  be  used  to  determine  the  diffusion  parameter  for  the 
calculation.  This  can  then  be  used  to  calculate  the  effects  of  the  disordering 
process  on  the  ACQWs  in  die  waveguide.  A  diffusion  parameter  of  1 50A2  is 
required  to  produce  the  necessary  shift  between  the  proximity  capped  and  oxide 
disordered  region  of  the  switch.  The  calculated  wells  and  wavefunctions  of  the 
ACQW  structure  before  and  after  disordering  are  shown  in  Fig.  44  The 
important  result  is  that  the  well  remains  well  defined  so  that  the  first  two 
wavefunction  are  still  qualitatively  the  same  as  those  in  the  as  grown  ACQW. 
This  ensures  that  the  structure  has  the  indirect  transition  required  for  the  ACQW 
operation. 
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Figure  43.  Calculated  exciton  wavelength  shift  as  a  function  of 
diffusion  for  a  100A  quantum  well. 


a)  As  Grown  b)Drffused  |D  dt »  150A 


Figure  44.  Calculated  effects  of  diffusion  on,^n  ACQW  structure  and  its 
energy  levels. 
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7.3.1.  Electrical  Measurements  on  VID  diodes 


To  determine  the  electrical  effects  of  the  VID  process,  if  any,  on  the  diode 
waveguide  structures,  the  material  was  divided  into  three  pieces.  One  piece 
was  used  as  a  control  sample;  another  was  proximity  capped  and  RTA'd;  and  a 
third  was  coated  with  oxide  and  RTA'd.  Each  of  these  pieces  was  then 
processed  into  250-pm-diarreter  mesas  with  electrical  contacts  in  preparation  for 
electrical  measurements.  Two  wafers,  one  with  a  waveguide  containing  10 
SQWs  in  the  core  and  a  second  with  10  pairs  of  ACQWs  were  prepared  in  this 
way.  The  results  of  electrical  measurements  are  shown  in  table  II.  Though 
there  are  some  small  changes  in  the  electrical  characteristics,  these  should  not 
affect  the  operation  of  the  Aa  switch. 


Table  II.  Electrical  properties  of  disordered  waveguides 
(annealing  parameters  :  960  °C  for  90  s ) 


SQW  sample  Forward  bias  Resistance  Reverse  bias  Current 
=============  turn-on  (V)  (after  tum-on)  breakdown  (V)  @-l5V(mA) 


control  1.57  17.6ft  -51.0  -1.7 

prox.  cap  2.24  21.4ft  -48.0  -1.7 

VID  1.68  12.4ft  -28.0  -1.6 


ACQW  sample 

Forward  bias 
tum-on  (V) 

Resistance 
(after  tum-on) 

Reverse  bias 
breakdown  (V) 

Current 

@-15V(mA) 

control 

1.54 

11.8ft 

-49.5 

-2.0 

prox.  cap 

2.36 

19.0ft 

-27.5 

-1.7 

VID 

1.71 

18.0ft 

-27.5 

-9.3 
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7.4.  2x2  Switch  with  Gain 


The  final  switch  made  in  this  program  was  the  2x2  Aa  switch  with  gain.  A 
diagram  of  this  switch  is  shown  in  Fig.  45.  The  structure  is  nearly  the  same  as 
that  described  in  the  previous  section  except  that  there  is  only  one  electrical 
contact  pad  for  gain  at  each  end  of  the  switch,  and  the  width  of  the  structure  has 
been  reduced.  The  most  significant  change  is  the  VID  boundary  around  the 
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Figure  45.  Second  design  for  the  Aa  switch,  which  includes  vacancy  induced 
disordering  regions. 
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central  area  of  the  switch.  As  the  first  step  in  the  processing  of  the  switch,  this 
area  is  covered  by  Si02  and  the  wafer  is  then  annealed  to  produce  the  oxide 
disordering  shift.  An  electron  micrograph  of  the  switch  is  shown  in  Fig  ,46-  Also 
shown  in  this  micrograph  are  a  series  of  test  strurtures  that  were  included  tn  the 
design.  These  test  structures  include  the  asymmetric  Y-splitter,  symmetric  Y 
splitters,  a  waveguide  with  4*jim  gaps,  a  waveguide  with  4-nm  gaps  with 
crossing  waveguides,  and  a  series  of  mirror  test  paths.  All  of  these  test 
structures  have  been  discussed  in  previous  sections. 
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Figure  46.  SEM  micrograph  of  the  Aa  switch. 
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The  structure  also  contains  several  straight  reference  guides,  both 
disordered  and  proximity  capped.  Figure  47  shows  waveguide  output  from  both 
types  of  reference  guides,  first  at  861 .9nm  where  both  are  transparent  (top  two 
plots  in  the  figure).  The  bottom  pair  of  curves  shows  the  output  from  the  two 
guides  at  a  shorter  wavelength.  This  pair  of  measurements  shows  the 
decreased  transmission  of  the  proximity  capped  guide  relative  to  the  disordered 
guide.  By  repeating  tiiese  measurements  over  a  range  of  wavelengths,  we 
determined  the  transmission  through  each  waveguide  as  a  function  of 
wavelength.  The  results  are  shown  in  Fig.  48.  Through  a  different  set  of 
measurements,  we  determined  that  the  coupling  loss  at  each  end  of  the 
waveguide  is  about  60%.  This  includes  the  30%  reflection  at  each  end  and  the 
mismatch  between  the  coupling  optics  and  the  waveguide.  This  means  that  the 
zero  propagation  loss  level  on  this  plot  would  correspond  to  about  16% 
transmission.  The  apparent  noise  in  both  curves  above  the  10%  transmission 
level  is  due  to  interference  between  the  two  ends  of  the  switch  (which  was  about 
1mm  long),  indicating  the  propagation  loss  through  the  switch  was  low.  The  two 
curves  are  shifted  by  6.9nm  due  to  the  vacancy  induced  disordering.  This  shift 
is  smaller  than  ideal  since  the  gain  in  the  proximity  capped  guide  occurs  at 
855nm.  At  that  wavelength  the  transmission  through  the  oxide  disordered  guide 
is  only  about  one-fifth  of  what  it  would  be  for  a  15-  to  20-nm  shift. 


Figure  47.  Comparison  of  transmission  through  proximity  capped 
and  disordered  waveguides  at  two  wavelengths.  VID  annealing 
parameter  950  °C  for  60  s. 


65 


Figure  48.  Comparison  of  the  transmission  through  proximity  capped  and 
disordered  waveguides  as  a  function  of  wavelength.  Annealing  parameters: 
950  °C  for  60  s. 


7.4.1.  Verification  of  Gain  by  Laser  Measurements 

To  verify  that  the  proximity  capped  waveguides  do  produce  optical 
amplification  when  forward  biased,  a  series  of  laser  measurements  were  made 
using  a  laser  diode  characterization  station,  which  is  used  to  test  lasers 
fabricated  at  the  Laboratories.  Measurements  were  made  on  forward  biased 
straight  waveguides  alongside  the  switch  structure.  These  waveguides  are 
shown  in  Fig.  45  with  a  single  waveguide  above  the  Aa  switch  structures  and 
two  below  the  Aa  switch  structures.  Since  there  are  no  contact  pads  on  these 
guides,  a  small  amount  of  silver  epoxy  was  put  over  each  guide  to  allow  contact 
by  a  micro-probe.  Figure  49  shows  the  measured  instantaneous  output  intensity 
from  several  guides  as  a  function  of  the  current  into  the  guide.  For  all  of  these 
laser  measurements,  the  current  was  applied  as  a  500-ns  pulse  at  a  5-KHz 
repetition  rate,  resulting  in  a  0.1%  duty  cycle.  Curves  are  shown  for  both  the 
SQW  and  ACQW  waveguides.  The  sharp  turn  on  in  each  curve  is  characteristic 
of  lasing  action  in  the  waveguide.  To  further  verify  lasing,  spectral 
measurements  were  made  of  each  of  these  guides  with  the  results  shown  in  Fig. 
50.  The  narrow  bandwidth  of  these  spectral  modes  is  also  an  indication  of  laser 
action.  To  determine  the  bandwidth  of  the  gain,  a  final  set  of  spectral 
measurements  was  taken  of  the  forward  biased  gain  sections  at  the  ends  of  the 
switch  (see  Fig.  45).  Since  these  gain  sections  have  only  one  cleaved  end,  they 
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Figure  49.  Light  output  vs.  forward  bias  current  from  the  straight  1-mm-long 
proximity  capped  waveguides  included  in  the  Aa  switch  test  structures. 


Wavelength  (A) 


Rgure  50.  Spectral  output  of  forward  biased  proximity  capped 
waveguides. 

cannot  lase,  so  the  output  will  show  only  the  spontaneous  emission,  which  is 
proportional  to  the  gain.  These  spontaneous  emission  spectra  for  both  SQW 
and  ACQW  waveguides  are  shown  in  Fig.  51 .  These  curves  show  that  the  gain 
can  be  achieved  over  a  relatively  broad  band  approximately  750A  wide. 
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Wavelength  (A) 

Figure  51.  Spontaneous  emission  from  the  forward  biased  gain 
sections  at  the  input  of  two  switches. 


The  results  of  these  measurements  clearly  show  that  the  proximity 
capped  waveguides  act  as  lasers  when  forward  biased.  Since  a  laser  can  only 
operate  if  there  is  gain  in  the  resonator,  it  is  clear  that  the  proximity  capped 
waveguides  produce  gain  when  forward  biased. 


7.4.2.  Measurement  of  the  Aa  Switches  with  Gain 

The  measured  transmission,  including  gain,  for  both  the  bar  and  cross 
paths  of  a  switch  containing  a  single  quantum  well  is  shown  in  Fig.  52.  In  this 
measurement,  only  the  propagation  loss  through  the  switch  is  included;  the 
coupling  losses  at  the  ends  of  the  switch  were  eliminated.  (Coupling  losses  at 
the  facets  were  determined  from  transmission  measurements  through  a  short 
straight  waveguide  at  a  longer  wavelength).  The  propagation  loss  through  the 
switch  is  the  important  parameter  for  a  network  where  there  would  be  no 
additional  facet  coupling  loss  between  switches.  Coupling  loss  at  each  end  of  a 
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switch  network  could  be  corrected  using  anti-reflection  coatings,  fibers  that 
efficiently  couple  to  the  waveguide  modes,  and  additional  gain.  The  curves 
shown  in  Fig.  52  were  measured  at  a  wavelength  of  855nm  were  the  gain  was  at 
its  peak.  This  measurement  was  made  using  a  5%  duty  cycle  in  the  current 
supply.  Transmission  through  this  switch  with  gain  sections  biased  approached 
40%  for  the  bar  path  and  20%  for  the  cross  path  (which  has  higher  losses  due  to 
the  turning  mirrors). 


Figure  52.  Measured  output  from  a  Aa  switch  as  a  function  of 
forward  bias  current  to  the  gain  stages. 


A  final  switch  using  the  ACQW  structure  with  VID  was  fabricated  near  the 
end  of  the  program.  For  this  switch  the  ACQW  structure  was  changed  from  the 
standard  structure  (100A  and  50A  wide  wells  separated  by  a  25A  wide 
AI.3Ga.7As)  to  a  modified  ACQW  structure  (100A  and  67.5A  wide  wells 
separated  by  a  20A  AI.35Ga.65As  barrier).  This  modified  ACQW  is  the  one 
shown  in  Fig.  44  and  was  designed  so  that  the  well  would  maintain  the  ACQW 
characteristics  after  disordering.  Because  the  SQW  switch  was  shifted  by  only 
6.9nm  in  the  disordering  process  (see  Fig.  48)  using  an  anneal  of  950  °C  for  60 
s,  the  ACQW  was  annealed  at  960  °C  for  90  s. 


69 


Figures  53  and  54  show  this  switch  in  operation.  Figure  53  shows  a  switch  with 
no  wires  attached,  but  with  light  entering  the  lower  left  input  of  the  top  switch. 
Scattered  light  can  be  seen  (from  left  to  right)  at  the  input,  a  Y-splitter,  the  first 
turning  mirror,  the  second  turning  mirror,  a  second  Y-spiitter  (combiner)  and  at 
the  two  outputs  of  the  switch.  Figure  54  shows  an  identical  switch  with  wires 
attached  and  current  supplied  to  the  gain  sections.  In  this  case,  fight  is  entering 
the  top  left  input  of  the  switch. 


Figure  53.  Micrograph  of  an  ACQW  switch  with  light  entering  the  lower  left  input 
of  the  top  switch. 
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Figure  54.  Micrograph  of  an  ACQW  switch  with  light  entering  the  upper  left  input 
of  the  top  switch.  Current  supplied  to  the  gain  sections  causes  them  to  glow. 


Transmission  measurements  for  the  ACQW  Aa  switch  with  gain  are 
shown  in  Fig.  55  These  measurements  were  made  using  a  0.6%  duty  cycle 
current  pulse.  Both  outputs  of  the  switch  were  focused  on  the  detector  used  to 
measure  the  output  intensity  so  that  a  lossless  switch  should  produce  a 
transmission  of  2.  As  in  the  transmission  measurement  of  the  SQW  Aa  switch, 
coupling  losses  from  the  facets  were  eliminated  so  that  only  the  propagation 
losses  through  the  switch  are  shown.  The  maximum  transmission  achieved  was 
97%,  which  is  about  one  half  of  that  required  for  a  lossless  switch  in  this 
measurement.  This  difference  should  be  easy  to  correct  by  increasing  the 
length  of  the  gain  sections,  which  are  100pm  long  in  this  switch. 
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Figure  55.  Measured  transmission  of  the  ACQW  Aa  switch  as  a  function 
of  current  into  each  ga’n  section.  Measured  intensity  is  from  both  switch 
outputs,  facet  losses  are  not  included. 


Reverse  biasing  of  the  bar  and  cross  paths  in  this  switch  produced  only 
weak  modulation  of  the  output.  We  believe  this  is  because  the  disordering 
process  destroyed  the  coupled  well  characteristics  of  the  ACQW  structure.  With 
further  experiments  and  modeling  it  will  be  possible  to  design  quantum  well 
structures  that  will  have  the  desired  ACQW  characteristics  after  disordering. 


ft.  Conclusions 

8.1.  Results 

Both  and  Aa  switches  were  fabricated  and  tested  during  this  program. 
The  A0  switch  with  the  ACQW  structure  is  the  most  promising  for  a  practical  2x2 
cross-bar  switch.  Some  experimental  and  modeling  work  is  still  needed  to 
determine  the  initial  quantum  well  structure  necessary  to  give  the  required 
ACQW  characteristics  after  the  disordering  process. 

The  A0  switch,  though  asymmetric  in  its  switching  characteristics,  can  be 
used  as  a  1x2  switch  with  good  transmission  characteristics  even  without  gain. 
Further,  the  techniques  used  to  design  the  Af3  switch  can  be  used  to  design 
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asymmetric  coupled  waveguides,  which  will  couple  only  over  a  narrow 
wavelength  band.  These  structures  could  be  used  for  wavelength  multiplexing. 
Since  tiie  waveguides  in  both  switches  were  fabricated  using  the  same 
processes,  a  larger  device  containing  the  Aa  switch  as  well  as  the  coupled 
waveguides  could  be  fabricated  using  the  techniques  described  here. 

8.2.  Possible  Variations  and  Extensions 

To  produce  a  practical  Aa  switch,  some  additional  changes  can  be  made 
in  the  structure.  The  measurements  with  gain  presented  here  were  made  using 
short  duty  cycle  current  pulses.  This  was  required  because  the  switches  were 
not  mounted  on  a  heat  sink.  For  continuous  operation,  as  in  a  laser,  the 
epitaxial  side  of  the  device  must  be  bonded  to  a  heat  sink.  For  the  multiple 
electrical  contacts  required  for  the  Aa  switch,  this  could  be  accomplished  by 
depositing  electrical  conduction  paths  on  a  sapphire  substrate.  The  switch  could 
then  be  bonded  to  this  substrate  using  standard  indium  bump  hybridization.  An 
added  advantage  of  this  would  be  that  the  electrical  contact  pads  in  the  switch 
structure  could  be  made  much  smaller  than  those  used  here.  This  would  allow  a 
narrower  switch  structure,  which  would  require  smaller  turning  mirror  angles  thus 
decreasing  the  loss  in  the  turning  mirrors. 

Further  work  is  also  required  in  the  areas  of  determination  of  the  optimum 
gain  section  length  and  the  design  of  the  quantum  wells  for  the  VID  process. 

All  the  further  work  required  to  make  a  lossless  Aa  switch  amounts  to 
tuning  of  the  structure  presented  here  in.  We  are  confident  that  with  this 
additional  effort  a  truly  lossless  switch  can  be  fabricated  using  the  ACQW 
structure  with  the  vacancy  induced  disordering  process. 
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